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Summary 
 
For the safety assessment of high-level nuclear waste repositories, it is mandatory to 
know the transportation paths of contaminants, e.g. actinyl ions (UO2
2+, NpO2
+), in the 
geological barrier. The most attention needs to be focused on the transport in aquifers, 
because water contamination, depending on retention and migration processes of 
radionuclides in the geosphere, is of primary environmental concern. The migration 
behavior of actinides in ground water is mainly contr lled by aquatic speciations and 
sorption processes at water-mineral interfaces. Hence, the investigation of complex 
species in aqueous solutions and at mineral surfaces becomes essential for the safety 
assessment in the near and far field of nuclear repositories. 
 
For deep ground repositories, clay and clay minerals are considered as possible host 
rocks, because they show a low permeability and are exp cted to have a high retention 
capacity towards actinyl ions. But the complexity of naturally occurring minerals in 
particular their surface often hampers the unequivocal interpretation of results obtained 
from sorption experiments. The use of model phases only showing one particular 
functional group at the surfaces with a well defined surface topology is an appropriate 
approach for the understanding of the basic sorption processes. Aluminum oxide and 
hydroxides are of special interest because they repres nt main components in clays and 
clay minerals. In particular, gibbsite is widely used as a model system because it 
represents not only the most common crystalline alumin m hydroxide but also a 
ubiquitous weathering product of alumosilicates. Furthermore, the elemental structural 
unit of gibbsite, that is the Al(OH)6 octahedron, occurs ubiquitously as part of the 
structure of common clay minerals like kaolinite. 
 
In the present study, the sorption processes of U(VI) and Np(V) on gibbsite were 
studied under consideration of the aqueous speciation. First, the structural data of an 
aqueous dimeric U(VI)-carbonato species were revisit d and refined by a combined 
approach of quantum chemical calculations and vibration l spectroscopy. The 
combination of these techniques is expected to provide progress in the identification of 
the molecular structures of the aqueous uranyl species, which in turn are needed for a 
reliable prediction of surface complexes. The results show that an isomer with a 
carbonate ligand bridging the two uranyl units is most likely the predominant structure. 
Second, the sorption processes and the influence of atmospherically derived carbonate 
on them were analyzed by a combined spectroscopic appro ch using vibrational and 
X-ray absorption spectroscopy. From results provided, complementary molecular 
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information can be obtained because of the different molecular scales probed by each 
technique. 
 
In the absence of atmospherically derived CO2, the relevant interface processes can be 
described by the formation of stable U(VI) surface complexes at trace concentrations 
which continuously change to surface precipitates with ongoing U(VI) accumulation at 
the surface. In contrast, in the presence of carbonate ions the surface speciation on 
gibbsite is significantly changed due to the formation of dimeric uranyl-carbonato 
surface complexes inhibiting the formation of insoluble polymeric species in the 
micromolar concentration range. The interatomic distances and coordination numbers 
obtained by EXAFS spectroscopy are concordant with the values calculated for the 
aquatic dimeric U(VI)-carbonato species. 
 
From the in situ sorption experiments of Np(V) on gibbsite probed by vibrational 
spectroscopy, the formation of only monomeric inner-sphere complexes is derived from 
experiments in inert gas and in the presence of atmospheric equivalent added carbonate. 
These findings are supported by results from EXAFS spectroscopy providing evidence 
for Np–C and Np–Al interactions. Additionally, the values of interatomic distances and 
coordination numbers are concordant with values for an inner-sphere complex.  
 
From the results of this study, it can be proposed that Al-hydroxides effectively retard 
the dissemination of actinyl ions at micromolar cone trations in water-bearing host 
rocks at near neutral pH values, where gibbsite show  the lowest solubility. 
Furthermore, this work contributes to a better understanding of the geochemical 
interactions of actinides, in particular U(VI) and Np(V), in the environment and are of 
relevance for the assessment of the migration behavior of actinyl ions in groundwater 
systems. The multiplicity of spectroscopic experiments and quantum chemical 
calculations carried out within this study yields a profound collection of data which can 
be used as reference for future radioecological investigations of more complex sorption 
systems in aqueous solution.  
 
 
Zusammenfassung 
 VII  
Zusammenfassung 
 
Für die Sicherheitsbewertung für zukünftige Endlager von hochradioaktiven Abfällen 
ist es zwingend erforderlich, die Transportwege von Schadstoffen, insbesondere der 
Aktinyl-Ionen (UO2
2+, NpO2
+), in der geologischen Barriere zu kennen. Von 
besonderem Interesse ist dabei das Migrationsverhalt n der Radionuklide in Aquiferen, 
da die Verunreinigungen des Grundwassers im Nah- und Fernfeld eines Endlagers von 
zentraler umweltrelevanter Bedeutung für die Ausbreitung der Schadstoffe in der 
Geosphäre sind. Das Migrationsverhalten dieser Schwermetalle in Grundwasser-
systemen wird vorrangig von der aquatischen Speziation und von Sorptionsprozessen an 
der Mineral-Wasser-Grenzfläche bestimmt. Demzufolge ist die Untersuchung der 
Spezies in wässrigen Lösungen und an mineralischen Oberflächen entscheidend für die 
Sicherheitsbewertung für nukleare Endlager. 
 
Im Multibarrierenkonzept für Endlager werden Tone und Tonminerale als mögliche 
Wirtsgesteine in Betracht gezogen, da sie eine gerin  Permeabilität und ein hohes 
Rückhaltevermögen von Aktinyl-Ionen aufweisen. Doch die Komplexität dieser 
natürlich vorkommenden Minerale und insbesondere den Oberflächen erschweren oft 
die Interpretation der Ergebnisse von Sorptionsexperimenten. Daher ist die Verwendung 
von Modellsystemen mit einer gut definierten Oberflächentopologie, die beispielsweise 
nur eine bestimmte funktionelle Gruppe an den Oberflächen zeigen, ein geeigneter 
Ansatz für die Untersuchung grundlegender Sorptionsprozesse. Aluminiumoxide und 
-hydroxide sind von besonderem Interesse, da sie die Hauptkomponenten von Tonen 
und Tonmineralen repräsentieren. Insbesondere Gibbsit wird als Modellsystem 
verwendet, da es nicht nur das häufigste kristalline Aluminiumhydroxid, sondern auch 
ein allgegenwärtiges Verwitterungsprodukt von Alumosilikaten ist. Zudem ist die 
strukturelle Grundeinheit von Gibbsit, Al(OH)6 Oktaeder, Teil der Kristallstruktur von 
Tonmineralen wie Kaolinit. 
 
In der vorliegenden Studie wurden vorhandene Struktu da en einer dimeren 
U(VI)-Carbonato Spezies durch einen kombinierten Ansatz von quantenchemischen 
Rechnungen und schwingungsspektroskopischen Messungen verfeinert. Die 
Kombination dieser Techniken liefert strukturelle Informationen für die eindeutige 
Identifizierung der molekularen Struktur dieser Spezies, die wiederum für eine 
zuverlässige Vorhersage der Oberflächenkomplexe benötigt wird. Die Ergebnisse 
zeigen, dass ein Isomer mit einem Carbonat-Liganden, r beide Uranyl-Einheiten 
verbindet, die vorherrschende Struktur darstellt. 
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Die Sorptionsprozesse von Uran(VI) und Neptunium(V) an Gibbsit und der Einfluss 
von atmosphärischem Kohlendioxid auf diese wurden durch einen kombinierten Ansatz 
aus Schwingungs- und Röntgenabsorption-Spektroskopie analysiert. Aufgrund der 
unterschiedlichen molekularen Skala, auf denen diese Techniken operieren, werden 
komplementäre molekulare Informationen erhalten. 
 
In Abwesenheit von atmosphärischem CO2 und bei Spurenkonzentrationen von U(VI) 
kann der entsprechende Grenzflächenprozess durch die Bil ung stabiler Komplexe an 
der Mineraloberfläche beschrieben werden. Bei fortsch eitender U(VI)-Sorption an der 
Oberfläche wird die Bildung von Ausfällungen beobachtet. Im Gegensatz dazu wird in 
Gegenwart von Carbonat-Ionen die Oberflächen-Speziation im mikromolaren U(VI)-
Konzentrationsbereich an Gibbsit deutlich durch dieB ldung von dimeren Uranyl-
Carbonato Oberflächenkomplexen dominiert, die die Bildung von unlöslichen 
polymeren Spezies unterdrücken. Die mittels EXAFS bestimmten interatomaren 
Abstände und Koordinationszahlen für diesen Komplex stimmen mit den zuvor 
berechneten Werten für die aquatische U(VI)-Carbonato Spezies überein. 
 
Mittels in situ schwingungsspektroskopischen Sorptionsexperimenten von Np(V) an 
Gibbsit wurde die Bildung von innersphärischen Komplexen, sowohl unter anaeroben, 
als auch in aeroben Bedingungen nachgewiesen. Dies wird durch Ergebnisse der 
Röntgenabsorptionsspektroskopie bestätigt. Aus den Spektren lassen sich Np-C- und 
Np-Al-Wechselwirkungen ableiten, deren interatomaren Abstände und Koordinations-
zahlen mit Werten für innersphärischen-Komplexen übereinstimmen. 
 
Mit der vorliegenden Arbeit konnte gezeigt werden, dass Al-Hydroxide effektiv die 
Ausbreitung von Aktinyl-Ionen in mikromolaren Konzentrationen bei nahezu neutralem 
pH-Werten verlangsamen können. Damit trägt diese Arbeit zu einem besseren 
Verständnis der geochemischen Wechselwirkungen von Akti iden, insbesondere U(VI) 
und Np(V), in der Umwelt bei. Die Ergebnisse sind zudem für die Beurteilung des 
Migrationsverhaltens von Aktinyl-Ionen im Grundwassersystem von Bedeutung. Die 
spektroskopischen Experimente und quantenchemischen Berechnungen, die im Rahmen 
dieser Studie durchgeführt wurden, liefern eine fundierte Sammlung von Daten, die als 
Referenz für zukünftige radioökologische Untersuchungen von komplexeren Systemen 
in wässriger Lösung eingesetzt werden können.  
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1 Background of research 
 
On June 30th, 2011, the German Bundestag decided to phase out the use of nuclear 
energy until 2022 [1]. Since then the demand for a repository for high-level radioactive 
waste is increasingly moved into the focus of the public.  
 
Until the phase out in 2022 and after 60 years of use of nuclear energy, 10,550 t of not 
reprocessed, burned spent fuel (U, Pu, minor actinides, fission products) and 6,244 t of 
waste from the reprocessing process (minor actinides, fission products) will be 
produced, which need to be safely stored over 106 years [2]. In Fig. 1 the waste 
components and their radiotoxicity evolution in time are given, which need to be 
considered in the planning of a waste repository. 
 
 
Fig. 1: Radiotoxicity evolution in time and its components. [3] 
 
1.1 Concepts for nuclear waste repository 
 
In the last years, international consent was achieved, that deep geological formations are 
the best places for nuclear waste repositories [4]. Based on various repository concepts 
different host rocks are examined for their suitability for disposal of highly radioactive 
and heat-generating waste. In Germany salt, granite, clays and clay minerals are 
considered as possible mineral host rocks [5], whereas clays have shown the highest 
isolation potential [6]. 
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For the selection of a potential repository site, the geological conditions as well as 
scientific and sociological aspects play an important role in the long term safety 
assessment. Additionally, knowledge and understanding of features, events and 
processes (FEP), which are present and can occur at the possible location, are necessary 
[7]. In all concepts, the safe enclosure of the radio ctive waste is based on a system of 
geological, geotechnical and technical barriers (multi-barrier system, Fig. 2). In the long 
run, the main barrier effect is a function of the isolating rock zone. This zone is a part of 
the geological barrier, which must ensure the confinement of the waste for the isolating 
period [8].  
 
 
Fig. 2: Illustration of the multi-barrier system for a repository in a deep geological formation.  
 
1.2 Clay as isolating rock zone 
 
Clay and clay minerals are considered as most appropriate host rocks, because they 
show a low permeability and have a high retention capa ity towards anions and cations, 
due to large surface areas and variable charged binding sites [9]. Clay minerals are 
hydrous aluminum phyllosilicates and are common weathering and low temperature 
hydrothermal alteration products. Like all phyllosiicates, they are characterized by two-
dimensional sheets of corner sharing SiO4 tetrahedra and/or Al(OH)6 octahedra. Clay 
minerals can be classified as 1:1 or 2:1, originating from the fact that they are 
fundamentally built of tetrahedral silicate sheets and octahedral hydroxide sheets. The 
tetrahedral sheets are always bonded to octahedral sheets formed from small cations, 
such as aluminum or iron coordinated by six oxygen atoms. Depending on the way that 
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tetrahedral and octahedral sheets are packaged into layers a categorization can be done. 
If there is only one tetrahedral and one octahedral group in each layer the clay is known 
as 1:1 clay, like kaolinite. The alternative, 2:1 clay, has two tetrahedral sheets with the 
unshared vertex of each sheet pointing towards eachother and forming each side of the 
octahedral sheet and an example is montmorillonite [10].
 
Besides other components of the clays, the metal oxides and hydroxides of Fe and Al 
are supposed to play an important role in regulating the migration of actinides, because 
of their widespread existence and high sorption capa ity. But the sorption 
characteristics of actinides on metal oxides and hyroxides are not easy to describe 
unequivocally, because they are controlled by a number of complicated physical and 
chemical interfacial properties. The complexity and the great number of different 
functional groups at the surfaces of naturally occurring minerals, namely aluminol 
(Al─OH), silianol (Si─OH) or iron hydroxyl (Fe─OH) groups, often hamper the 
interpretation of results from sorption experiments and provide only insufficient 
information of the molecular processes ([11, 12] and references therein). The use of 
model systems only showing one particular functional group at the surfaces with a well 
defined surface topology is an appropriate approach for the understanding of the basic 
sorption processes. Among the different solid phases, namely Fe(OOH)x, TiO2, or SiO2, 
aluminum oxide and hydroxides are of particular interest because they represent main 
components in clays and clay minerals like montmorillonite and kaolinite (Table 1). 
 
Table 1: Variation of chemical composition of important clay minerals (wt.-%) [10]. 
 
minerals SiO2 Al2O3 Fe2O3 TiO2 
kaolinite 45–47 38–40 0–0.2 0–0.3 
smectite 42–55 0–28 0–30 0–0.5 
vermiculite 33–45 7–18 3–12 0–0.6 
illite 50–56 18–31 0–0.8 0–0.8 
chlorite 22–35 15–48 0–4 0–0.2 
 
Weathering of these minerals through hydrolysis and desilication leads to the formation 
of the aluminum hydroxide gibbsite (Al(OH)3), which was selected as mineral model 
system for this study. Gibbsite is widely used as a model system because it is the most 
common crystalline form of aluminum hydroxide in nature and is formed under 
environmental conditions in soils and sediments ([11] and references therein). For 
example, gibbsite was found in components of alpin soil, of volcanic ash soil in Japan, 
and in soils of temperate areas in USA, France, and Scotland. Furthermore, gibbsite and 
the elemental structural unit of it, that is the Al(OH)6 octahedron, occurs ubiquitously as 
part of the structure of common clay minerals like kaolinite [12]. In the circumneutral 
pH range, gibbsite exhibits its lowest solubility in aqueous medium implicating a high 
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thermodynamic stability [13]. Additionally, gibbsite has the ability to sorb metal ions 
and anions as well as ligands on its surface. Because of its role in nature this study is 
focused on the sorption behavior of actinides on the surface of gibbsite. 
 
 
Fig. 3: Crystal structure of gibbsite. [14] 
 
1.3 Water and transport of radionuclides 
 
One scenario, which needs to be considered in the safety assessment, is the intrusion of 
water in the repository. If water enters the storage chambers, radioactive materials could 
gradually spread through the water in the mine and eventually reach the biosphere. The 
technical barriers, namely metal storage containers, do not offer protection for a period 
of thousands of years or more. They will eventually corrode and leak, before the 
radiation of the content is sufficiently decayed to a natural level.  
 
Therefore, it is mandatory to know the transportation path of contaminants in the 
geological barrier. Most attention needs to be drawn to their transport in water-bearing 
host rocks, because water contamination, depending o  retention and migration 
processes of radionuclides in the geosphere, is of primary environmental concern. 
 
The spreading of radionuclides, such as actinyl ions (UO2
2+, NpO2
+), in aqueous media 
constitutes a potential hazard for human population because of their radiotoxic and 
chemotoxic properties. The migration behavior of heavy metal contaminants, which is 
mainly controlled by sorption processes at water-mineral interfaces, is a major field of 
research in environmental sciences. Sorption of actinides, lanthanides and fission 
products in the environment depends predominately on their speciation. Therefore, the 
investigation of complex species in aqueous solutions and at mineral surfaces, as a 
function of pH, temperature, and salinity becomes es ential for a reliable safety 
assessment in the near and far field of nuclear repositories.  
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1.4 Uranium and neptunium in the environment 
 
Actinides are a group of radioactive metals with the atomic numbers (Z) between 89 
and 103 with sequentially filled 5f atomic subshells. The heaviest elements (Z = 97–
103) have relatively short half lives not exceeding 3000 years. They are produced in low 
quantities and their contribution to the radiation nventory can be neglected [15]. The 
lighter actinides (U, Np, Am, Pu) generally have much longer half lives (up to 
109 years) and fissionable isotopes, which create concerns for the storage security of 
nuclear waste. Especially Pu and Np account for most of the radiotoxicity and activity 
after 1,000 years of storage in repositories [16]. 
 
The aqueous and mineral surface complexation reactions, colloids formation and 
sorption reactions of actinides are mainly influenced by the oxidation state of the 
metals, which can have a wide range of values depending on environmental redox 
conditions [15]. Under natural conditions U, Np, and Pu are multivalent and exist as 
An3+, An4+, AnO2
+, and AnO2
2+ species. The An3+ and An4+ species show a low 
solubility and high tendency to sorb on mineral surfaces. Actinides in the oxidation 
states V and VI are unstable in aqueous solutions and dioxo-actinyl ions (AnO2
+, and 
AnO2
2+) are formed. The strength of actinide complexes are rated as follows: 
An4+ > AnO2
2+ > An3+ > AnO2
+. Tetravalent actinides form stable aqueous complexes 
and solid phases, whereas pentavalent actinides form the least stable complexes. Given 
the generally high mobility and solubility of actinides in higher oxidation states, these 
are of primary concern in an environmental context [15].  
 
Uranium is a potential hazard for human population due to its radiotoxic and 
chemotoxic properties. Mining and processing of uranium ores [17, 18], manufacturing 
and testing of nuclear weapons [19], spent fuel reprocessing [20] and accidents of 
nuclear power plants have created areas with contami ated soils and groundwater. In 
our days, contamination of ground-, but also seawater, by radionuclides has become a 
pressing problem which will be challenging for many years due to recent incidents of 
nuclear power plants. In aqueous systems, the hexavalent aqueous uranyl ion (UO2
2+) 
constitutes the most mobile and dominant species [15, 16, 21]. Consequently, the 
investigation of the surface complexation processes of this ion onto mineral surfaces is 
of special interest. 
 
From 1945 to 1980, around 40 TBq (~3 t) of highly toxic and very long-lived 
neptunium were released into the environment due to nuclear weapon testing, spent fuel 
reprocessing and accidents of nuclear power plants [22, 23]. Additionally, neptunium is 
one of the most important components of nuclear waste. Considering the radioactive 
decay of 241Pu (half life: 14.3 years) and 241Am (half-life of 432.7 years), their daughter 
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the minor actinide isotope 237Np (half-life: 2.14 · 106 years) will become a major 
contributor to the radiation inventory of nuclear waste repositories in the long term scale 
[3, 4]. The composition of the spent nuclear fuel of a standard Pressurized-Water 
Reactor (PWR) with UO2 fuel and irradiated up to a burn-up of 33 GWd/t is given in 
Fig. 4. Extended burn-ups or the use of MOX fuel increases the amount of minor 
actinides (Np, Am, Cm) produced [3]. For example, a 1 GW-electric PWR produces 
12 kg Np and 259 kg Pu in one year [23]. 
 
The pentavalent form, i.e., the neptunyl(V) ion, NpO2
+, is the most stable oxidation state 
particularly towards hydrolysis. As it generally shows a high solubility in water [24], it 
dominates the aqueous speciation under anaerobe conditions [25]. In addition, Np(V) is 
the most soluble and mobile actinide and forms the greatest concern in the safety 
assessments of nuclear waste storage [15]. 
 
Short-lived Cs and Sr; 
0.2%
Plutonium; 0.8%
Minor Actinides; 0.1%
Other long-lived fission 
products; 0.1%
Stable fission products; 
3.2%
Long-lived
 I and Tc; 0.1%
Uranium; 95.5%
 
Fig. 4: Composition of spent nuclear fuel (standard PWR 33 GW/t, 10-year cooling). [3] 
 
In aquatic systems under environmental conditions, the actinyl ions UVIO2
2+ and 
NpVO2
+ are the prevalent species and most stable oxidation states [15, 16, 26, 27]. 
Besides the oxidation state the speciation is influenced by complexation of the actinyl 
ions. Actinides are hard acids and form strong complexes with hard ligands, like 
carbonate and hydroxide ions [27]. Hydrolysis reactions are significant for all actinides 
except the actinyl(V) ions, which hardly hydrolyze until pH 9 [27]. Carbonate forms 
strong complexes with actinyl ions at circum-neutral and high pH values and influences 
the sorption on mineral surfaces [24, 28-41]. Carbonate ions play an important role for 
the migration behavior of heavy metal contaminants, due to the high concentration in 
groundwater and the strong complexation ability towards metal ions [38]. In 
consequence, the thermodynamic properties of U(VI) [27-37] and Np(V) [24, 27, 38-
41] carbonate species in the aqueous solution system with high carbonate concentrations 
have been extensively investigated by many researchrs for the last decades. UO2
2+ 
forms multiple and strong complexes with both hydroxide and carbonate ions as well as 
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mixed hydroxo carbonato species [27-37]. According to Maya et al. [39], NpO2
+ 
generally shows a weak tendency to form complexes with inorganic ligands with the 
exception of carbonate ions where relatively stable complexes were found. Depending 
on the pH and carbonate concentration three main complexes were identified, 
NpO2(CO3)n
(1-2n) (n = 1, 2, 3) [24, 38-41].  
 
1.5 Surface complexes 
 
Depending on the type of interaction between metal ions and functional groups on the 
mineral surface, two different types of complexes can be formed upon sorption. 
Electrostatic interactions or hydrogen bonding of a solution component with a solid 
phase without loss of any water molecules of the hydration shell leads to the formation 
of outer-sphere complexes, that is physisorption. In contrast, the removal of one or more 
water molecules from the hydration shell leads to direct covalent interaction of the 
solution complex with the solid surface and inner-sphere complexes are formed, that is 
chemisorption. These complexes can be of mono- or multinuclear character. Both types 
of surface complexes can be formed simultaneously and additionally ternary complexes 
with further ligands present in solution can exist on the surface [15]. 
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Fig. 5: Illustration of possible U(VI) structures on gibbsite: outer-sphere (A) and different inner-
sphere complexes (B monodentate, C bidentate binuclear, D bidentate mononuclear), Bond 
angles and distances are not to scale [42]. 
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1.6 Aim of work 
 
The aim of this work is to determine and refine structural data of the aqueous dimeric 
U(VI) species, (UO2)2CO3(OH)3
−. Additionally, the interactions of uranium(VI) and 
neptunium(V) at the surface of the mineral model gibbs te in aqueous solution are 
investigated. The U(VI) and Np(V) sorption processes on gibbsite are analyzed in the 
absence and presence of atmospherically derived CO2 in order to illustrate the impact of 
carbonate ions on the actinyl-ion sorption processes onto gibbsite. 
 
Recently, discrepancies between vibrational spectros opic data of micromolar U(VI) 
solutions and predicted speciations calculated on the basis of thermodynamic databases 
were determined which are obviously due to insufficient data sets of the existing 
databases [43, 44]. The gap between theory and experiment can be overcome by a 
combined approach of spectroscopy and quantum chemial calculations. This allows the 
verification of predicted speciations and additional i formation about structures of the 
different species and their spectroscopic properties can be obtained [45].  
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2 Analytical techniques 
 
The analysis of the gibbsite samples, that is determination of the isoelectric point (IEP) 
and the specific surface area (SSA), were carried out as already described [46]. 
Additionally, the samples were characterized by X-Ray diffraction (XRD), Scanning 
Electron Microscopy (SEM) and Scanning Transmission Electron Microscopy (STEM). 
 
The aqueous speciation and sorption processes were analyzed by a combined approach 
using attenuated total reflection Fourier-transform infrared (ATR FT-IR) spectroscopy, 
quantum chemical calculations and X-ray absorption spectroscopy. From the results 
provided, complementary molecular information can be obtained because of the 
different molecular scales probed by each technique.  
 
IR spectra generally reflect the overall symmetry of small molecules at a spatial 
resolution up to the nanometer range. The preparation of the mineral as a stationary 
phase allows the acquisition of spectral data in real time with a sub minute time 
resolution in a flow cell experiment [25, 47-49] providing insight into the dynamic 
processes at the early stage of the sorption processes. 
 
Quantum chemical calculations afford additional structural information about the 
species and their spectroscopic properties [45]. Furthermore, the calculations were used 
to combine and refine the results of the spectroscopic techniques. 
 
Extended X-ray absorption fine structure (EXAFS) data provide detailed information of 
interatomic distances of a strongly scattering atom n an atomic scale (≤ 6 Å). 
Moreover, this technique allows the exploration of the coordination sphere of the metal 
atom in detail. The obtained results of this study are expected to contribute to a more 
reliable safety assessment. 
 
2.1 Attenuated total reflection FT-IR spectroscopy 
 
Attenuated total reflection (ATR) FT-IR spectroscopy is a powerful technique for the in
situ and time-resolved investigation of speciation and sorption processes at a 
micromolar actinyl concentration range, because it nables the direct measurement of 
aqueous solutions and interactions at the mineral-water interface under near 
environmental conditions [25, 48, 49]. Variation of experimental parameters provides 
additional information about sorption processes and species, e.g. ternary sorption 
complexes, due to shifts of the absorption bands. 
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Actinyl ions can be identified by the frequency of their antisymmetric stretching 
vibration of the O=An=O moiety, that is the ν3(AnO2) mode, which generally correlates 
with the character of the molecular environment, i.e. number and type of ligand, of the 
actinyl ion group. The elucidation of the molecular structures is maintained by further 
spectral information from other functional groups participating in the investigated 
molecule complexes. Aqueous samples containing low c ncentrations of actinides 
require the detection of very low absorption changes in front of a strong absorbing 
background mainly due to the solvent. This can be accomplished by in situ difference 
ATR FT-IR spectroscopy using a flow cell. Vibrational spectroscopic experiments can 
be performed not only on aqueous solutions but alsoon mineral-water interfaces and 
complexation of heavy metal ions with ligands can be studied under physiological 
relevant conditions. 
 
The principle of the in situ ATR FT-IR experiments of the sorption processes is ba ed 
on the detection of the absorption changes of a solid mineral film occurring after the 
induction of selective sorption processes. The spectra are recorded before and after 
initiating the sorption and a difference spectrum is calculated from single beam spectra 
obtained from before and after the start of the sorpti n. In this way, constant parts, 
mostly contributions from strong absorbing background comprising bulk water, are 
eliminated.  
 
The mineral film is deposited directly on the surface of the ATR crystal and is 
subsequently rinsed by an aqueous solution at a constant flow rate using a flow cell 
(Fig. 6). A detailed description of the experimental setup, the preparation of the mineral 
film, acquisition and evaluation of spectral data is g ven by Müller et al. [25]. Briefly, 
an in situ sorption experiment consists of three subsequent st ps: first, conditioning of 
the solid phase, second, actinyl-ion sorption, and third, flushing. During the 
conditioning and flushing steps, the mineral film is r nsed with a blank solution for 
30 min. 
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Fig. 6: Schematic illustration of the ATR FT-IR set-up for in-situ flow experiments. Adapted from 
K. Müller (Goldschmidt 07). 
 
From recent studies it is known that the fully hydrated UO2
2+ ion shows an absorption 
band at 961 cm−1 [43]. At higher pH levels and under atmospheric conditions, 
hydrolysis reactions occur [36, 38, 39, 43, 44]. The formation of hydrolysis products 
generally generates a shift of the ν3 modes of actinyl ions to lower frequencies [25, 48, 
49]. The frequencies of different U(VI) species is given in Table 2. 
 
Table 2: ν3(UO2) vibrational modes of different U(VI) species [43]. 
 
Species ν3 (cm−1) 
UO2
2+ 961 
(UO2)2(OH)2
2+ 943 
(UO2)3(OH)5
+ 923 
UO2(OH)2
0 922 
UO2(OH)4
2− 870 
UO2(CO3)3
4− 893 
 
According to Müller et al. [25] the vibrational mode of the uncoordinated NpVO2
+ ion is 
observed at 818 cm−1. Due to strong interference of this mode with those f the water 
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solvent below 850 cm−1, the sorption experiments were performed in heavy water 
(D2O). The signal-to-noise ratio of the spectra is considerably increased allowing an 
accurate detection of adsorbed Np(V) species at a micro olar concentration level, 
because of the isotope shift of approximately 300 cm−1 between the absorption of D2O 
and H2O.  
 
Infrared spectra were measured on a Bruker Vertex 80/v vacuum spectrometer equipped 
with an ATR accessory (DURA SamplIR II, Smiths Inc.), a horizontal diamond crystal 
(A = 12.57 mm2) with nine internal reflections on the upper surface and an angle of 
incidence of 45°, and a Mercury Cadmium Telluride (MCT) detector (cut off: 
580 cm−1). Each single beam spectrum was averaged over 256 scans (scan time: ~25 s) 
at spectral resolution of 4 cm−1. 
 
2.2 Extended X-ray Absorption Fine Structure Spectroscopy  
 
EXAFS (Extended X-ray Absorption Fine Structure) spectroscopy uses the X-ray photo 
effect and the wave nature of an electron to determine the species and number of 
neighboring atoms, their distance from the radiated atom and the thermal or structural 
disorder of their positions. The technique can be applied to crystalline, nanostructural or 
amorphous materials, liquids and molecular gases.  
 
The dominant process in the X-ray absorption at photon energies below 100 keV is the 
so called photo effect. When the photon is completely absorbed its energy is transferred 
to the ejected photoelectron. When the photon energy reaches one of the deep inner 
shell ionization energies of the atom, a sharp risein absorption occurs. At this 
absorption edge a core-level electron is promoted to the continuum. Immediately above 
the absorption edge, in a range of up to 1000 eV, an accurate measurement of 
absorption shows rich fine structure superposed onto the smooth energy dependence. 
The structure is called EXAFS, which appears above the absorption edges whenever the 
absorbing atom is closely surrounded by other atoms and arises from the wavelike 
nature of the final photoelectron state (Fig. 7). When an X-ray photon is absorbed, an 
inner shell electron is preferentially ejected as a photoelectron with kinetic energy equal 
to the difference between the photon energy and the inn r shell binding energy Eo. 
According to quantum theory this photoelectron can be visualized as an outgoing 
spherical wave centered at the excited atom. This electron wave is scattered by 
neighboring atoms. The new waves originated from each scattering site are superposed 
to the initial outgoing wave. The interference of the initial and scattered waves at the 
absorbing atom influences the probability for the photo effect. With the increasing X-
ray photon energy the wave vector k of the photoelectron wave increases, leading to 
alternating constructive and destructive interference [50].  
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Fig. 7: k3-weighted EXAFS spectrum of a 0.1 M TcO4
− solution [51].  
 
By Fourier transformation of the measured EXAFS structure the contributions of 
individual shells of atoms are separated visually. The peaks in FT magnitude spectra 
appear at the corresponding positions Ri. To obtain quantitative information on the local 
environment, i.e. number and species of neighboring atoms in a given shell, the peak of 
interest is analyzed. The theoretical basis of the EXAFS method is firmly established 
and the necessary electron scattering data known with adequate accuracy so that ab
initio modeling of the structure is possible. Several computer programs have been 
developed for the quantitative analysis, which take into account single scattering as well 
as multiple scattering contributions to the EXAFS signal. Experimental data are fitted 
using the EXAFS equation with theoretically calculated or empirically measured 
scattering functions to determine structural parameters. The k-dependence of scattering 
amplitudes and phases helps to distinguish the types of backscatters. Modern codes for 
calculating theoretical EXAFS spectra are accurate enough to fit experimental data 
directly. “FEFF” [52] is a leading program for calcu ating spectra. Add-on programs of 
various kinds (e.g. EXAFSPAK [53]) use FEFF-calculated spectra to fit the data by 
perturbing from an initially guessed structure. 
 
2.3 Density Functional Theory 
 
Over the last years, computational chemistry has becom  an essential tool for 
experimental and theoretical chemists as a backup for experimental results. 
Computational chemistry is used to interpret and ration lize results and to compare 
experimental with simulated data. Furthermore, calcul tions are employed to get an idea 
of a molecular structure and to create graphical representation of molecules, their 
molecular orbitals and their electrostatic potentials. Moreover the calculation of 
molecule stabilities, reaction paths and simulation of properties (IR frequencies, Raman 
and NMR shifts) is possible [54].  
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Much progress has been achieved in the use of quantum chemical calculations of 
structural parameters, thermochemical reaction energy changes, vibrational frequencies, 
and bond lengths of actinide compounds in the last decades [55-58]. A major part of 
these advancements has been accomplished with density functional theory (DFT) based 
methods, because they are fast and relatively accurte in computing properties of 
actinide complexes. DFT is a quantum chemical modeling method and a powerful tool 
for the computation of quantum states of atoms, molecules and solids. It is used for the 
investigation of electronic structure, mainly of the ground state, of many-body-systems. 
The properties of such many-electron-systems are determined by using three-
dimensional functionals of the electron density. For heavy elements like actinides 
pseudopotentials need to be used to reduce the calculation effort [59]. In these potentials 
chemical inert core electrons are eliminated with a frozen-core approximation. The core 
electrons and the nuclei are considered as strict non-polarizable ion cores and are 
summed up in effective core potentials (ECP) [60].  
 
DFT includes electron correlations, which are important for an accurate description of 
electronic structure and therewith various molecular properties that allow direct 
comparison with experiments. Because of the high nuclear charge of actinide elements 
and in order to give a precise representation of actinide electronic structure, it is 
necessary to take the relativistic effect into account. Besides other approaches, ECP are 
used to include the relativistic effect. ECP replace the core electrons with potential 
functions and are designed to mimic the effect of these electrons on the valence electron 
density. At the same time they take the relativistic nature of the electrons into account 
[57]. Several studies have shown that small core ECP, which leave 32 electrons in the 
valence space, yield accurate results for geometries and energies, calculated bond 
distances are slightly too long (~ 0.02Å in the uranyl ion) [61-64].  
 
Recently, discrepancies between vibrational spectros opic data of micromolar U(VI) 
solutions and predicted speciations calculated on the basis of thermodynamic databases 
were determined which are obviously due to insufficient data sets of the existing 
databases [43, 44]. The gap between theory and experiment can be overcome by a 
combined approach of spectroscopy and quantum chemial calculations. This allows the 
verification of predicted speciations and additional i formation about structures of the 
different species and their spectroscopic properties can be gained [34, 65-68].  
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3 Results and Discussion 
 
In this chapter the results of the structural characterization of the dimeric U(VI) species 
is presented and discussed as it was published by Gückel et al. [69]. Additionally, the 
data of the characterization of the gibbsite phase and the U(VI) sorption on it, which are 
mainly published by Gückel et al. [49], are shown und discussed. The results of the 
Np(V) sorption onto gibbsite presented in this wok are submitted for publication by 
Gückel et al. [70] 
 
3.1 Structural characterization of (UO2)2CO3(OH)3− 
3.1.1 Introduction 
 
The aquatic speciation of the uranyl(VI) ion (UO2
2+) in ambient atmosphere is mainly 
controlled by hydrolysis reactions and complexation of atmospherically derived CO2. 
Depending on the metal concentration, the hydrolysis reactions occur in the pH region 
above 3. Several hydroxo, carbonato and/or mixed complexes are formed and can exist 
simultaneously throughout a wide pH range [26, 27, 43 44]. At low micromolar 
concentrations, monomeric hydroxo-species are expected to be present, whereas at 
higher metal concentrations, the formation of polymeric species is suggested. In the 
presence of carbonate anions, the speciation becomes more complex and a broad variety 
of complexes containing carbonate ligands is formed. The existence of three monomeric 
uranyl(VI)-carbonato complexes is evidenced mainly by luminescence spectroscopy 
[27, 30-33, 71], whereas only the UO2(CO3)3
4− species is verified by vibrational 
spectroscopic techniques [27, 43, 72, 73]. The multiplicity of coexisting species 
hampers the unequivocal identification of the single species and leads to substantial 
uncertainties on the hydrolysis products. But exact knowledge of the speciation is 
essential for a reliable description of the sorption processes of uranium at water-mineral 
interfaces which in turn determines the migration behavior of this element in the 
environment that is in aquifers and rock formations. 
 
From a recent spectroscopic study ([49], detailed dscription in Chapter 3.2.3) the 
formation of a dimeric uranyl-carbonate-hydroxo complex (UO2)2CO3(OH)3
− on the 
surface of gibbsite was derived. According to previous investigations [36, 37], this 
species is assumed to be predominant in aqueous soltion within a wide pH range. 
Despite its potential importance in the environment, a  unequivocal identification and 
description of the structure has not yet been obtained. In a previous study, NMR and 
EXAFS spectroscopies were used to deduce the structure of (UO2)2CO3(OH)3
− [37]. 
However, the results of the study did not provide a precise identification of a distinct 
isomer structure. 
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In this study, a combination of ATR FT-IR spectroscpy and quantum chemical 
calculations was applied in order to revisit and refine the structural data which were 
derived earlier [37]. From IR data, a differentiation between various uranyl-hydroxo and 
-carbonato complexes is possible by characteristic frequencies of the stretching modes 
of the uranyl moiety (ν3(UO2)) and the carbonate ligands (ν3(CO3)) as well [43, 44]. 
Quantum chemical calculations, namely Density Functio al Theory (DFT) calculations, 
predict molecular structures of the respective species and their spectroscopic properties, 
that are spectra throughout the mid-IR frequency range [45]. 
 
3.1.2 Methodology 
3.1.2.1 Thermochemical calculations 
 
The aqueous speciation of U(VI) was calculated by the thermodynamic modeling code 
package EQ3/6 [74] based on the updated thermochemial database (TDB) of the 
Nuclear Energy Agency (NEA) [75]. From previously published calculations [49], the 
predominant formation of the (UO2)2CO3(OH)3
− complex was found to occur at around 
pH 6 and at different uranium concentrations. Therefore, the conditions for the 
calculations of this work were set to pH 6 under inert gas containing 1% CO2 and as 
well to ambient conditions.  
 
3.1.2.2 Density functional theory (DFT) calculations 
 
The four structures for the (UO2)2CO3(OH)3
− complex proposed by Szabó et al. [37] 
were used as starting structures for the DFT calcultions. All calculations were 
performed using Gaussian 09 [76]. Structures were optimized in the aqueous phase at 
the B3LYP, BP86 and M06-2X level by using the CPCM solvation model. B3LYP has 
been proven to be a good compromise for calculating uranyl(VI) complexes in a number 
of publications [45, 65, 66, 77] therefore has been used here. For comparison, other 
hybrid-funtionals that are BP86 and M06-2X were also tested. Single-point MP2 
calculations using B3LYP geometries have also been t sted. In the MP2 calculations, 
Gibbs energy corrections were also taken from the B3LYP results. The energy-
consistent small-core effective core potential (ECP) and the corresponding basis set 
suggested by Dolg et al. [59] was used for U. The most diffuse basis functions on 
uranium with the exponent 0.005 (all s, p, d, and f type functions) were omitted, which 
made the convergence of the electronic wave functio much faster, but had little effect 
(less than 1 kJ/mol) on the total energy, according to the previous studies [45]. For 
hydrogen, oxygen and carbon the 6-311+G* basis was used. The Gibbs energy 
correction to the electronic energy was calculated at the B3LYP level from the 
vibrational energy levels in aqueous phase and the mol cular partition functions.  
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3.1.2.3 Sample preparation 
 
According to the thermochemical calculations, a 200 µM U(VI) solution was freshly 
prepared from a 0.2 M UO2Cl2 stock solution and Milli-Q water with a conductivity of 
18.2 MΩ cm−1. All chemicals used were of analytical grade. Ionic strength was 
controlled by the use of 0.1 M NaCl and pH was adjusted by adding aliquots of NaOH 
and HCl. All sample preparations and analysis were done under inert gas atmosphere 
with 1% CO2 at room temperature (25 °C). 
 
3.1.3 Results and Discussion 
3.1.3.1 Aqueous uranyl(VI) speciation from thermochemical calculations 
 
In ambient atmosphere, the aqueous U(VI) speciation is dominated by hydroxo and 
carbonato complexes. In the concentration range between 1.0 · 10−6 and 5.0 · 10−5 M 
U(VI) at pH 6, the (UO2)2CO3(OH)3
− complex is one of the prevailing species (~25%). 
Increasing the CO2 concentration to 1% changes the speciation significantly. In the 
U(VI) concentration range 5.0 · 10−6 to 1.0 · 10−2 M, the (UO2)2CO3(OH)3
− complex 
becomes the major species (up to ~80%) (Fig. 8). Three other species might contribute 
to the speciation under these conditions, namely (UO2)3(OH)5
+, UO2CO3
0, and 
(UO2)4(OH)7
+. However, at a distinct concentration of 200 µM U(VI), these species are 
not predicted to exceed a fraction higher than approximately 9, 8 and 1.5%, 
respectively. Therefore, the U(VI) concentration was set to 200 µM and the pH level to 
6 for the IR spectroscopic experiments. 
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Fig. 8: Aqueous speciation of U(VI) calculated for the U(VI) concentration range from 10−8–10−2 M 
in 1% CO2 atmosphere at pH 6.0 using NEA thermochemical database. Species nowhere 
exceeding 10% of total contribution are not shown. 
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3.1.3.2 DFT calculations of (UO2)2CO3(OH)3
− 
 
The geometry optimizations and vibrational frequency calculations were performed at 
the B3LYP, BP86, and M06-2X levels in the aqueous phase for the four possible 
structures proposed by Szabó et al. (Fig. 9) [37]. Single-point MP2 calculations using 
B3LYP geometries have also been tested. In the MP2 calculations, Gibbs energy 
corrections were also taken from the B3LYP results. In all four structures two 
uranyl(VI) centers are linked by bridging carbonate nd/or hydroxyl groups and the first 
coordination shells of uranium were saturated by water molecules. From the known 
coordination geometry of the uranyl ion and the stoichi metry of the complex only 
these four structures are possible [78]. The alphabetic labeling (A, B, C, D) for four 
complexes as given by Szabó et al. [37] was used. 
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Fig. 9: Draft of the four possible isomers of the (UO2)2CO3(OH)3
− complex, according to Szabó et al. 
[37]. 
 
First, the Gibbs energy of four complexes which are given in Table 3 was compared. 
According to Gibbs energy calculations, the most stable isomer is A at all levels of 
theory. Regardless of the type of DFT functionals, the other isomers can be ranked with 
increasing Gibbs energy values, that is B << C < D. The MP2 results are also consistent 
with DFT results. Since the energy values of the complexes C and D are too high 
compared to A (35 to 54 kJ/mol higher than A), these isomers might be ruled out for 
further consideration. In contrast, isomer B cannot be excluded because the energy 
difference between A and B is only about 20 kJ/mol. According to previous studies [77, 
79-81], the accuracy of this type of energy calculation is at best ± 10 kJ/mol. Therefore, 
both isomers A and B have to be taken into account for further studies. 
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Table 3: Gibbs energy values of the (UO2)2CO3(OH)3
− isomers relative to isomer A obtained at four 
different levels of theory. All values are given in kJ mol−1. 
 
Isomer B3LYP BP86 M06-2X MP2a 
A 0.0 0.0 0.0 0.0 
B 18.6 25.3 11.4 11.4 
C 43.3 50.8 34.6 34.6 
D 47.5 50.9 40.1 53.7 
a) MP2 energy using B3LYP structure 
 
In a recent study of the uranyl(VI) hydroxo dimer and trimer complexes, an excellent 
agreement of the U–U distances obtained at the B3LYP level (with the use of CPCM 
solvation model and small-core ECP on uranium) and results from EXAFS 
spectroscopy with a maximum deviation of 0.02 Å were obtained [45]. Therefore, U–U 
distances derived from a B3LYP level are suggested to be reasonable for the judgment 
of the calculated uranyl isomers. Table 4 shows the U–U distances of all isomers of the 
(UO2)2CO3(OH)3
− species at the B3LYP level. It can be seen that the U–U distances 
obtained deviate largely among the isomers. 
 
Table 4: Calculated U–U distances in (UO2)2CO3(OH)3
− at the B3LYP level. 
 
Isomer U–U 
A 4.85 Å 
B 3.92 Å 
C 4.05 Å 
D 6.40 Å 
 
From an EXAFS spectroscopy study, the U–U distance derived for this species was 
3.90 Å [37]. However, due to the unequivocal spectroscopic result, the authors of the 
EXAFS study confirmed that the assignment of the spctral feature to a U–U distance 
might be erroneous. On the one hand, it can be sugge ted that the U–U distance of the 
dimer species is too large to be detected by EXAFS spectroscopy. In this case, it is 
expected to be greater than 4 Å and, thus, isomers A and D have to be taken into 
account because of their U–U distances of 4.85 and 6.4 Å, respectively. On the other 
hand, assuming that the assignment of the U–U distance in the EXAFS spectra is 
correct, the distance we obtained from DFT calculations for complex B (3.92 Å) agrees 
best with that derived from EXAFS spectroscopy. Hence, isomer C can be disregarded 
because of the great deviation between DFT (4.05 Å) and EXAFS (3.90 Å) results. 
Therefore, with respect to the molecular structures isomers A, B, and D are adequate 
candidates representing the (UO2)2CO3(OH)3
− species. 
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Taken together energetic and structural aspects of the DFT calculations, only isomers A 
and B have to be taken into account for further discus ions. The respective structures of 
these complexes obtained at the B3LYP level are givn n Fig. 10.  
 
 
Fig. 10: The structures of isomers A and B of (UO2)2CO3(OH)3
− optimized at the B3LYP level. 
Interatomic distances are given in Å. 
 
3.1.3.3 Comparison of DFT calculations and IR spectroscopic results 
 
For the evaluation of the IR spectroscopic results, an accuracy check of the DFT 
calculations is done by a comparison of a calculated nd an experimental spectrum of a 
well-known aqueous uranyl complex. The IR spectrum of the uranyltricarbonato 
complex (UO2(CO3)3
4−) was recorded earlier and shows absorption bands at 1507, 1385, 
and 893 cm–1 (Fig. 11B) [43]. These bands can be assigned to the antisymmetric 
ν3,as(CO3) and symmetric ν3,s(CO3) stretching modes of the carbonate ions and to the 
antisymmetric stretching mode of the uranyl ion (ν3(UO2)), respectively. The respective 
spectrum calculated at B3LYP level exhibits these bands at 1508, 1314, and 827 cm–1 
(Fig. 11A).  
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Fig. 11: IR spectra of the UO2(CO3)3
4− complex. Theoretical spectrum calculated at B3LYP level 
(A). Experimental IR spectrum of a 5 mM U(VI) solution (pH 8.8) containing 0.1 M HCO3
– 
(B) [43]. 
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The spectral splitting of the carbonate modes (∆ν(CO3)) can be used as a reference 
value for the type of coordination of the anion to the ligand, that is mono- or bidendate 
[82]. In the spectrum of the UO2(CO3)3
4− complex, the splitting of ~120 cm−1 reflects a 
bidendate coordination of the anions to the uranyl moiety (Fig. 11). The calculated 
spectrum overestimates this splitting by around 70 cm–1. Additionally, the frequency of 
the ν3(UO2) mode is calculated at frequencies about 50 cm
−1 lower than observed.  
 
From these findings, it can be concluded that the calculated spectra potentially provide 
significantly lower frequencies of the ν3,s(CO3) and ν3(UO2) stretching modes, whereas 
a higher accuracy of the frequency of the ν3,as(CO3) mode can be expected. Moreover, 
the spectrum of the tricarbonato complex clearly points out that a bidendate 
coordination of the carbonate ion to the uranyl moiety may result in a relatively small 
spectral splitting of the carbonate modes of ~120 cm–1 which is obviously due to the 
low ratio of atomic number and ionic radius of the c ntral UO2
2+ cation as already 
discussed earlier [83]. 
 
3.1.3.4 IR-spectra of (UO2)2CO3(OH)3
− 
 
According to the speciation calculation, the IR spectrum obtained from a 200 µM U(VI) 
solution containing 1% CO2 at pH 6 is expected to represent mainly the 
(UO2)2CO3(OH)3
− species (Fig. 12 E). In fact, the spectrum is dominated by absorption 
bands at 1530, 1380, and 923 cm−1 which can be assigned to the antisymmetric 
ν3,as(CO3), the symmetric ν3,s(CO3) stretching modes and to the antisymmetric stretching 
mode of the uranyl moiety (ν3(UO2)), respectively. 
 
The ∆ν(CO3) value of 150 cm
−1 of the carbonate modes is slightly increased compared 
to the tricarbonato complex shown in Fig. 11 B, confirming a bidentate coordination of 
the carbonate ion also in the dimeric species. Moreover, a weak band at 1050 cm−1 is 
observed in the spectrum of the dimer species which can be assigned to the ν1 mode of 
the carbonate ion. This mode is generally not observed in the IR spectrum of the 
carbonate ion due to symmetry reasons. However, it may become IR-active when the 
symmetry is changed upon coordination to a central metal ion or to surfaces. In 
literature, this band is rarely interpreted in terms of characteristic structural features of 
the carbonate ligand. Nevertheless, in a recent study of ternary U(VI)-carbonato surface 
complexes on ferrihydrite, a correlation of the frequ ncy of this mode with a mono- and 
bidendate coordination of the carbonate anion in the surface complexes was found [84]. 
Moreover, in the bidendate surface complex this mode was observed at nearly the same 
frequency of 1050 cm−1. Therefore, this mode provides molecular information of the 
carbonate anions and can be considered as an additional helpful spectral feature during 
the derivation of the molecular configuration of uranyl carbonato complexes.  
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Fig. 12: IR spectra of the (UO2)2CO3(OH)3
− complex. Experimental spectrum and corresponding fit 
of the uranyl band (E). Theoretical spectra calculated at B3LYP level (A–D). 
 
The shape of the uranyl band suggests contributions of more than one species most 
probably showing additional maxima at lower frequenci s than the observed band 
maximum at 923 cm−1. Therefore, this spectral range was analyzed by calculation of the 
second derivative spectrum and by peak deconvolution algorithms provided by the 
spectroscopy software OPUS™ 6.0. The results are explicitly shown in Fig. 13. From 
the second derivative, two maxima present at 922 and 904 cm−1 with a splitting of the ν3 
modes (∆ν(UO2)) of 18 cm
−1 can be derived (Fig. 13 A). The result of the best fit 
provides two bands at 926 and 904 cm−1 (Fig. 13 B) with a similar splitting of 22 cm−1. 
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Fig. 13: Second derivative (A) of the IR spectrum (B) of (UO2)2CO3(OH)3
− with corresponding fits 
and baselines (B). [U(VI)]init.=200 µM, 0.1 M NaCl, pH 6.0, 1% CO2 atmosphere. 
 
The occurrence of two bands, both representing the ν3(UO2) mode, is reflected by the 
calculated spectra of the isomers A, C, and D (Fig. 12 A, C, and D). In the spectrum of 
structure B, a splitting of the ν3(UO2) mode at 892 cm
−1 cannot be seen, because the 
calculated frequencies of the two uranyl moieties are of nearly the same value 
(Fig. 12 B). Interestingly, isomer A, showing the highest symmetry of the isomers 
considered, is predicted to exhibit two well separated spectral features of the UO2
2+ 
moieties. The best agreement between experimental ad c lculated data related to the 
extent of splitting of the ν3(UO2) mode is obtained for the isomers A and D which is 
found to be 18 and 26 cm−1, respectively (Fig. 12 C and D). However, for all isomers 
the frequencies calculated for this mode are generally too low compared to the 
experimental result, except isomer C where a band at 915 cm−1 is predicted. But, the 
corresponding split band is again calculated to occur at a very low frequency, that is 
862 cm−1 (Fig. 12 C). 
 
Regarding the vibrational modes of the carbonate ion in the spectral region above 
1100 cm−1, the calculated spectra of isomer A and D are most c ngruent to the 
experimental data. In the calculated spectrum of structure A, the splitting of the ν3(CO3) 
modes is overestimated by around 70 cm−1. An overestimation to a similar extent was 
also found in the calculated spectrum of the tricarbonato uranyl complex (Fig. 11). For 
isomer D, the spectral agreement for the ν3(CO3) modes is even better, whereas the ∆ν 
values become very large (>300 cm−1) for the other isomers. 
 
Combining the results of theoretical and experimental vibrational data, isomers A and D 
show the best agreement. This conclusion is essentially based on the extent of the 
spectral splitting of the ν3 modes of the carbonate and uranyl groups.  
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3.1.4 Concluding remarks 
 
For the first time, a combined approach of DFT calcul tions and ATR FT-IR 
measurements was used to determine and refine the structure of the carbonate 
containing dimeric uranyl species, (UO2)2CO3(OH)3
−.  
 
The DFT calculations were performed for the four isomers of the (UO2)2CO3(OH)3
− 
species at three different levels. From the calculated Gibbs energies, isomer A is 
assigned as the most stable structure followed by isomer B. A comparison of the 
calculated U-U distances with EXAFS data previously published [37] show that the 
isomers A, B or D are to be considered. By means of the calculated Gibbs energies and 
U-U distance, the isomer C can be eliminated as a potential structure. In addition, from 
the differences of the Gibbs energy, isomer D appears unlikely to represent an accurate 
structure for this dimer.  
 
The IR spectrum of a 200 µM U(VI) solution (pH 6) pre ared in a 1% CO2 atmosphere 
is suggested to represent the (UO2)2CO3(OH)3
− species. In fact, the spectrum exhibits 
bands which can be assigned to modes of carbonate lig nds and to the uranyl moiety as 
well. Additionally, the IR spectrum indicates a bidentate coordination of the carbonate 
ligand and the presence of two spectroscopically different uranyl units as it is predicted 
by DFT calculations. The extent of the spectral splitting of the ν3 modes of the 
carbonate and uranyl functional groups agree well with the calculated values of the 
structures of isomers A and D. 
 
Taken together all theoretical and experimental aspect , isomer A appears to be the 
most likely predominant structure of the (UO2)2CO3(OH)3
− species. But a coexistence of 
isomer B to a small extent cannot be excluded fully. Szabó et al. [37] suggested from 
NMR results a contribution of this isomer of around 15%. Therefore, the obtained U-U 
distance corresponding well with the EXAFS data andthe energy difference to structure 
A of less than 20 kJ/mol might support the assumed coexistence of isomer B. 
 
An assignment to distinct isomers structures became feasible due to the prominent and 
spectrally well separated vibrational modes of the carbonate and uranyl ions. 
Additionally, from vibrational data, multiple specis of the same functional group 
present in a sample can easily be differentiated from data analysis. However, severe 
discrepancies between spectral results obtained from the calculations and from 
spectroscopic experiments are occasionally hard to overcome and has to be challenged 
in future works. But the spectroscopic experiments and quantum chemical calculations 
carried out within this study yields a profound collection of data which can be used as 
references for upcoming investigations of more complex aqueous solution and sorption 
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systems. Furthermore, this study has shown that the combined approach of DFT 
calculations and ATR FT-IR spectroscopy is a powerful tool for researches in the field 
of radioecology and can be used for further investigations of more complex aquatic 
systems and sorption processes.  
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3.2 Sorption onto gibbsite 
3.2.1 Introduction 
 
The retardation of contaminants in aquifers is mainly determined by chemical reactions 
occurring at the solid/liquid interface. A survey of the actual data available about the 
sorption of uranium and neptunium on aluminum oxide and hydroxides in literature is 
given in this section. In the past, the sorption behavior of these radionuclides onto 
alumina phases was mainly studied for uranium(VI) using α-[85, 86], γ-Al 2O3 [87] or 
gibbsite ([88] and references therein). Limited data exist for the sorption of NpO2
+ on 
aluminum oxides and hydroxides [13] 
In the last years, several uranium surface species on gibbsite were derived from batch 
and spectroscopic experiments. However, the data are still limited and controversially 
discussed. From batch experiments, the formation of inner-sphere complexes at the 
mineral’s surface was derived [89]. Spectroscopic investigations using time-resolved 
laser-induced fluorescence spectroscopy (TRLFS) and X-ray absorption fine structure 
(EXAFS) spectroscopy detected two uranyl species in the presence of atmospheric CO2 
which were assigned to a bidentate mononuclear inner-sphere surface complex at the 
edge faces and to a polynuclear uranyl surface species predominant at acidic and 
alkaline pH [88]. Under inert gas conditions, different surface species, namely outer-
sphere complexes, mononuclear and binuclear bidentate inner-sphere, and schoepite-
like solid phase formation was derived from TRLFS [90], EXAFS [65, 91], vibrational 
spectroscopy [92] and DFT calculations [65, 92].  
Limited data exist for the influence of atmospheric carbon dioxide on the sorption of 
NpO2
+ on aluminum oxides and hydroxides [12, 93-96]. From batch experiments, strong 
influence of crystal structure, crystallinity, specific surface area, pH, and carbonate 
concentration was derived. No effect of the ionic strength in the presence or absence of 
carbonate was observed by Wu et al. [12], which indicates the formation of inner-sphere 
complexes on the gibbsite surface. 
 
For a more detailed understanding of the molecular re ctions of uranium(VI) and 
neptunium(V) at Al-hydroxide surfaces, the surface sp ciation of the radionuclides on 
gibbsite was studied in aqueous medium by a combined sp ctroscopic approach using 
time-resolved ATR FT-IR and EXAFS spectroscopy. Forthe first time, the impact of 
the surface morphology and of atmospherically derived carbonate on the actinyl surface 
speciation was systematically investigated under enviro mentally relevant conditions, 
namely in the near neutral pH range, at maximum initial U(VI) and Np(V) 
concentrations of 20 µM and 50 µM, respectively, and at different surface loadings.  
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3.2.2 Characterization of synthesized gibbsite phases 
 
Recently, a thorough characterization of the acid-base properties of different gibbsite 
samples demonstrated large varieties even though they nominally share the same crystal 
structure and elemental composition [97]. From these findings, it is suggested that many 
published results might not reflect the true acid-base properties of the gibbsite samples, 
which is possibly due to the superposition of several not yet unambiguously identified 
processes related to the solid phase. This might explain the variation of the uranyl 
surface complexes described in the literature. 
 
With respect to these inconsistencies of the chemical properties of gibbsite phases, the 
experiments of this work were performed on freshly synthesized gibbsite phases 
showing significantly different specific surface are s. The synthesis and a 
comprehensive analysis of the gibbsite obtained ensur  a reliable traceability of the 
spectroscopic results due to the specific surface parameters of the respective gibbsite 
phase.  
 
Gibbsite was synthesized following the method described by Huittinen et al. (2009) 
[98]. The synthesis was carried out in a three-necked-flask which was flushed with 
nitrogen gas to remove atmospheric carbon dioxide. 14 g AlCl3 · 6H2O was dissolved in 
100 mL Milli-Q water and the amorphous Al(OH)3 was precipitated by slowly adding 
2 M NaOH until a pH value of 4.5 was reached. The Al(OH)3 precipitate was freeze-
dried (8.5 g) and subsequently characterized (Sample 1). 
 
A fraction of the dried gibbsite (1 g) was suspended in 5 mL Milli-Q water and dialyzed 
(Spectra Pore® Biotech Cellulose Ester (CE) dialysis membrane) in a 2 L beaker with 
Milli-Q water for 5 weeks. Water exchange was accomplished twice a day in the first 
week and once a day during the following weeks. Thedialyses led to a loss of the 
amount of gibbsite and only 20% of the inserted gibbsite remained after the dialyses. 
After dialysis, the gibbsite was again freeze-dried, weighted and characterized 
(Sample 2). 
 
The analysis of the samples, that is determination of the isoelectric point (IEP) and the 
specific surface area (SSA), were carried out as already described [46] and the 
respective values are given in Table 5. Additionally, the samples were characterized by 
X-Ray diffraction (XRD), Scanning Electron Microscopy (SEM) and Scanning 
Transmission Electron Microscopy (STEM). 
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Table 5: Yield, specific surface area (SSA), and isoelectric point (IEP) of gibbsite samples prepared. 
 
Name 
Yield 
[g] 
SSA 
[m² g−1] 
IEP 
Sample 1 (amorphous) 8.5 4.5 8.3 
Sample 2 (crystalline) 0.2 165 8.3 
 
The specific surface area of the sample obtained directly after precipitation was found to 
be 4.5 m2/g (Table 5, Sample 1). Such a relatively small SSA value of a mineral phase 
is a potential drawback for spectroscopic experiments of model systems, because it 
implicates a low density of binding sites for the sorbate, which makes it generally 
difficult to detect signals of the sorption complexes with a sufficient signal-to-noise 
ratio. In recently published investigations, various preparations of gibbsite samples were 
described resulting in a much higher SSA-value. Interestingly, these preparations 
included an extensive dialysis step which originally had been introduced to remove 
chloride from the gibbsite samples for fluorescence spectroscopic experiments. 
Moreover, in a very recent work the effect of dialysis on crystal growth of gibbsite was 
thoroughly studied [99]. It was found that extensive dialysis of the gibbsite is essential 
for the crystallization mechanism. This effect was explained by a retardation of the 
gibbsite formation due to the high concentration of chloride ions possibly masking the 
seeding sites and, hence, reducing the availability of aluminum ions during the initial 
steps incorporated in gibbsite formation.  
 
Consequently, dialysis was performed for 5 weeks resulting in a reduction of the 
particle size and an increased SSA value of 165 m2/g (Table 5, Sample 2). The 
isoelectric point was found to be at 8.3 for both samples implying similar surface 
properties. X-ray diffraction (XRD) of Sample 2 provides evidence for the formation of 
gibbsite (Fig. 14). These findings are corroborated by IR spectroscopy showing 
characteristic bands in the fingerprint region (Fig. 14, inset) which are in accordance 
with literature data [100]. In contrast, from the respective XRD of Sample 1, where only 
an unspecific XRD pattern was obtained, the formation of amorphous gibbsite is 
derived, which was again confirmed by IR spectroscopy.  
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Fig. 14: XRD spectra of the gibbsite standard (gray) and the synthesized gibbsite sample 2 (black) 
and IR transmission spectrum of the dry gibbsite film. 
 
Additionally, both samples were investigated by electron microscopic techniques. The 
results clearly evidence the impact of the dialysis procedure on the crystallinity of the 
gibbsite phase (Fig. 15). After dialysis, the formation of hexagonal crystallites is 
demonstrated by the microscopic images (Fig. 15 B, D) which are not observed directly 
after precipitation (Fig. 15 A, C). Because of the small amount of gibbsite with a high 
SSA value recovered after dialysis, EXAFS measurements were performed with the 
gibbsite Sample 1 (SSA= 4.5 m2/g). For IR experiments only small amounts of gibbste 
are needed and, thus, both gibbsite samples were usd for comparative in situ analysis. 
 
 
Fig. 15: Micrographs of gibbsite samples. SEM (A,B) and STEM (C,D) pictures of amorphous 
gibbsite, Sample 1 (A,C), and of same sample after xtended dialysis, Sample 2 (B,D). 
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3.2.3 Sorption studies of U(VI) 
3.2.3.1 Aqueous speciation of U(VI)  
 
The aqueous speciation of the UO2
2+ ions potentially influences the surface speciation 
on mineral surfaces under the prevailing conditions. Additionally, for the interpretation 
of the spectroscopic results, the detailed knowledge of the contributions of each species 
present in solution is indispensable. Therefore, th expected composition of the UO2
2+ 
solutions at pH 6 under inert gas and ambient conditions was calculated by the 
thermodynamic modeling code package EQ3/6 [74] based on the updated NEA 
thermochemical database (TDB) [75]. The U(VI) concentrations correspond to those 
used for the in situ IR spectroscopic experiments and the preparation of the batch 
samples for EXAFS spectroscopy, that is 20 and 6 µM, respectively. It has to be noted 
that the impact of the chloride ions on the formation of uranyl-chloro complexes is 
negligible under the prevailing conditions of this work. 
 
In the absence of atmospherically derived carbonate, th  aqueous speciation is 
dominated by the (UO2)3(OH)5
+ species irrespective of the U(VI) concentration 
(Fig. 16, left panel). Contributions of UO2 H
+ species are predicted to be < 20%. The 
fully hydrated UO2
2+ is only of minor relevance (< 10%) at this pH range. 
 
For ambient atmosphere, the composition of the aqueous species is predicted to be quite 
similar (Fig. 16 right panel). The dominance of the (UO2)3(OH)5
+ species is slightly 
reduced and the fraction of a carbonate containing d mer, that is (UO2)2CO3(OH)3
−, is 
predicted to mount up to ~20%. The structural analysis of this complex was described in 
detail in Chapter 3. 
 
   U
O
2+
2
   U
O 2
OH
+
   U
O 2
(O
H) 2
(a
q)
   (
UO
2
) 2(
OH
)
2+
2
   (
UO
2
) 3(
OH
)
+
5
   (
UO
2
) 4(
OH
)
+
7
0
20
40
60
N
2
 20 µM
   6 µM
 
 
 
F
ra
ct
io
n 
[%
]
   U
O
2+
2
   U
O 2
OH
+
   U
O 2
(O
H) 2
(a
q)
   (
UO
2
) 2(
OH
)
2+
2
   (
UO
2
) 3(
OH
)
+
5
   (
UO
2
) 4(
OH
)
+
7
UO
2
CO
3
(a
q)
   U
O 2
(C
O 3
)
2−
2
   (
UO
2
) 2C
O 3
(O
H)
−
3
0
20
40
60
Air
 20 µM
   6 µM
 
F
ra
ct
io
n 
[%
]
 
Fig. 16: Speciation for the carbonate containing and the carbonate-free aqueous solutions, pH 6.0, 
I = 0.1 M NaCl, [U(VI)]= 6 µM and 20 µM. 
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3.2.3.2 In situ sorption of U(VI) onto gibbsite 
 
The IR spectra of the in situ sorption experiments under inert gas and ambient 
conditions are shown in Fig. 17 A–C and D–F, respectiv ly. The three stages of the 
sorption experiment are represented by the spectra denoted as “Conditioning”, 
“Sorption”, and “Flushing” as already described in Chapter 2.1. The spectra can be 
divided into three regions each of them explicitly showing characteristic modes of one 
functional group. In the region below 1000 cm−1, the antisymmetric stretching vibration 
of the UO2
2+ ion, ν3(UO2), is observed. Surface modes of the gibbsite phase app ar in 
the spectral region between 1000 and 1200 cm−1, whereas the characteristic modes of 
the atmospherically derived carbonate are observed above 1300 cm−1. The spectra 
denoted as “Conditioning” (Fig. 17 A, D) represent the absorption changes of the solid 
gibbsite phase occurring upon rinsing the solid phase with a blank solution prior to 
induction of UO2
2+ sorption. The spectra show significant differences r lated to the 
prevailing atmospheric condition. Under inert gas atmosphere, the absence of 
significant bands demonstrates that the gibbsite film prepared on the ATR-crystal is 
sufficiently stable after a total conditioning time of 60 min.  
 
In contrast, the respective spectrum of the experiment in ambient atmosphere represents 
the absorption changes of the gibbsite phase prepared and conditioned under inert gas 
conditions after flushing with a blank solution equilibrated in a standard atmosphere for 
60 minutes, which is the sorption of atmospherically derived carbonate (Fig. 17 D). This 
spectrum is dominated by bands at 1500 and 1421 cm−1 which can be assigned to the 
ν3,as and ν3,s modes of the carbonate ions, respectively. This is in accordance to a recent 
sorption study of carbonate on amorphous Al(OH)3 [101]. Interestingly, in the same 
work, the authors did not observe vibrational bands of carbonate bound to crystalline 
gibbsite most probably because of the small specific surface resulting in a low carbonate 
concentration in these samples. 
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Fig. 17: In situ mid-IR spectra of U (VI) sorption experiment on gibbsite. Left panel: Spectra 
recorded after conditioning with blank solution (A), subsequent sorption of U(VI) (B) and 
flushing with blank solution (C) under N2 conditions. Right panel: Spectra recorded after 
sorption of atmospherically derived carbonate (D), subsequent sorption of U(VI) (E) and 
flushing with 0.1 M NaCl blank solution (F) in ambient atmosphere. [U(VI)]init.= 20 µM, 
0.1 M NaCl, pH 6.0, SSA= 4.5 m²/g. 
 
Upon sorption to solid phases, the spectral splitting of the ν3,as and ν3,s modes can be 
used as a reference value for the character of coordination of the anion to the surface. In 
case of monodentate coordination, the spectral splitting (∆ν3) is found to be of lower 
extent (~100 cm−1) compared to bidentate complexation (~300 cm−1) or bridged 
structures (> 400 cm−1). These values were derived from well-known molecular 
structures of transition metal complexes [82]. Accordingly, the observed spectral 
splitting of ~80 cm−1 strongly suggests a monodentate coordination of the anions to the 
surface. In fact, the ∆ν3 value of 80 cm
−1 is quite low in comparison with other mineral 
phases. For instance, monodentate surface complexes wer  also derived from spectra of 
iron hydroxide phases showing ∆ν3 values of about 115 cm
−1 [102]. Therefore, the ∆ν3 
value found for gibbsite can only be interpreted in terms of monodentate carbonate 
surface complexes. The strong and broad band at 1070 cm−1 is attributed to surface 
modes of the gibbsite surface representing alterations of the surface due to the 
interaction of the carbonate ions. 
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The spectra of the UO2
2+ sorption processes demonstrate significant alterations in all 
spectral regions (Fig. 17 B, E). In the spectral range of the ν3(UO2) mode, a band at 
913 cm−1 is observed under inert gas conditions which exhibits a sharp, strong band at 
943 cm−1 upon prolonged sorption time (Fig. 17 B). In contras , in ambient atmosphere 
only one band, showing a comparatively broadened shape, at lower frequencies 
(903 cm−1) is observed (Fig. 17 E) indicating a different surface speciation. A detailed 
analysis of these spectral features is given in Section 3.2.3.3. 
 
The broad bands observed around 1100 cm−1 ost likely represent vibrational surface 
modes of gibbsite (Fig. 17 B, E). Although an assignment to distinct surface modes 
cannot be given, the appearance must be due to the formation of surface species. 
Because of the different shape of this band depending on the different sorption 
experiments, this spectral feature can potentially serve as a fingerprinting of the surface 
occurring during the sorption processes. However, a deeper understanding of the 
spectral features will only be available in combination with theoretical quantum 
chemical considerations of the surface modes in future imes. Nevertheless, a phase 
transition during the experimental time to other alumina phases, namely boehmite or 
bayerite, can be ruled out, because such a process would provoke characteristic strong 
sharp bands at 1140 and 1057 cm−1 [103] and at 1030 cm−1 [104], respectively. 
 
In the spectral range above 1300 cm−1, the band pattern of the ν3(CO3) modes is 
changed in the presence of U(VI) (Fig. 17 E). With respect to the sorption spectrum of 
the binary carbonate-gibbsite system (Fig. 17 D), the band of the ν3,as mode is shifted to 
higher wavenumber whereas the ν3,s mode shows up at lower frequencies and are now 
observed at 1513 and 1370 cm−1, respectively. The increased ∆ν3 value of about 
140 cm−1 indicates a change of the carbonate surface species to bidentate complexes 
because of the presence of the UO2
2+ ions. Consequently, it is assumed that the 
carbonate ions coordinate to the uranyl ions sorbed on the gibbsite surface resulting in 
ternary surface complexes. 
 
After 90 minutes of sorption, no further increase of the intensity of the bands is 
observed indicating that an equilibrium state of the sorption process is reached. 
Subsequently, a flushing step with a blank solution was performed. The respective 
spectra represent the difference absorption properties of the gibbsite phase between the 
end of the sorption procedure and 30 minutes of flushing (Fig. 17 C, F) potentially 
providing information of species which can be easily removed by a blank solution. 
From a recent in situ sorption experiments, it was shown that outer-sphere surface 
species can be spectroscopically identified by such a flushing step [84, 105]. The 
spectra reflecting outer-sphere species show similar sh pes and amplitudes compared to 
those of the sorption step. Because prolonged flushing exhibits no further change of the 
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spectra and due to the low amplitudes observed (Fig. 17 C, F), it is obvious that the 
release of sorption products becomes negligible within his period of time and the 
formation of mainly inner-sphere complexes can be suggested. 
 
The weak negative bands below 1000 cm−1 represent the release of a small amount of 
uranyl surface species. Under inert gas conditions, the frequencies of the small bands 
observed at 943 and 913 cm−1 indicate the release of the same species as formed during 
the sorption stage (Fig. 17 C), whereas in ambient atmosphere the blue-shifted band at 
917 cm−1 (Fig. 17 F) indicates a release of different species compared to those 
dominating the spectra of the sorption process (Fig. 17 E).  
 
In summary, a first analysis of the IR spectra obtained during the in situ sorption 
experiments suggests the formation of different urani m surface complexes in 
dependence of the prevailing atmospheric conditions. They are obviously strongly 
bound to the surface and might be interpreted as inner-sphere complexes. This is 
derived from the flushing step where only a minor pa t of the formed surface complexes 
and of the precipitate is released from the solid phase. The U(VI) sorption in ambient 
atmosphere clearly demonstrates the formation of a ternary uranyl-carbonato surface 
complex evidenced by the spectral changes of the ν3(CO2) modes. A more detailed 
analysis of the vibrational mode of the UO2
2+ ion provides further molecular 
information and is given in the following section. 
 
3.2.3.3 Evaluation of the sorbed uranyl species 
 
The spectra of the sorption processes suggest the formation of more than one uranyl 
species. This becomes particularly obvious from the sp ctra recorded in the absence of 
CO2 (Fig. 17 B). The spectral region of the ν3(UO2) mode below 1000 cm
−1 clearly 
shows overlapping bands with maxima at 913 and 943 cm−1.  
 
The band at 913 cm−1 is predominant at an early sorption stage and repres nts a surface 
species because the frequency is shifted about 10 cm−1 to lower wavenumbers in 
comparison to 923 cm−1 observed for the aqueous species under the prevailing 
conditions [43]. Generally, the complexation of theUO2
2+ ion correlates with a shift of 
the ν3(UO2) mode to lower frequencies. In the past, this was explained by the classical 
concept of the presence of electronegative ligands i  the equatorial plane of the UO2
2+ 
ion reducing the force constant of the U-O bonds. Recently, it was shown that the 
weakening of the “yl” bond is more likely due to donations from π and/or σ molecular 
orbitals of the ligands to hybrid orbitals of the uranyl moiety [106]. 
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Moreover, the frequency of the band (913 cm−1) suggests the formation of an inner-
sphere complex. A similar frequency shift of this vibrational mode was recently 
observed for sorption complexes on hematite [47]. In addition, from earlier 
investigations of the gibbsite/UO2
2+ sorption system, the formation of inner-sphere 
complexes was deduced in carbonate free systems [88, 90]. 
 
Upon prolonged sorption time, a sharp, strong band at 943 cm−1 is observed (Fig. 17 B). 
This band is strongly suggested to represent the formation of a precipitate most likely a 
uranyl hydroxide phase at the gibbsite surface. The narrow shape and high intensity of 
this band is characteristic for the formation of such a uranyl phase. In particular, from a 
previous investigation of the aqueous speciation of micromolar UO2
2+ solutions the 
absence of uranyl colloids and precipitations in the solutions by providing spectra of 
colloidal solutions and suspensions of precipitates wa  explicitly demonstrated. These 
spectra show the same characteristic band around 940 cm−1 [43]. In addition, this 
assignment was evidenced by very recent results by EXAFS spectroscopy from the 
γ-Al 2O3/UO2
2+ sorption system showing the same spectral feature in the IR spectra. 
 
But also the shape of the uranyl band in the spectra of the experiments performed under 
ambient atmosphere shows an asymmetric shape (Fig. 17 E). Compared to the 
experiment in the absence of CO2 (Fig. 17 B), this band is further shifted about 10 cm
−1 
to lower wavenumbers. The absence of the significant b d around 940 cm−1 clearly 
indicates that a formation of a precipitate does not occur. In contrast, the broad shape of 
this band suggests the contributions of additional species most probably showing an 
absorption maximum at lower frequencies than the observed band maximum at 
903 cm−1. 
 
Therefore, this spectral range was analyzed by peakd convolution algorithms provided 
by the spectroscopy software OPUS™ 6.0. Prior to the fitting procedures, peak 
positions were determined by calculation of the second derivatives of the spectra. 
Fig. 18 exemplarily shows the results of the best fit  obtained for the sorption spectra 
recorded after 90 minutes after induced sorption in an inert gas atmosphere (Fig. 18 A) 
and under ambient conditions (Fig. 18 B). 
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Fig. 18: In situ mid-IR spectra of U (VI) sorption on gibbsite in N2 (A) and ambient (B) atmosphere 
with corresponding fits and baselines. [U(VI)]init.  = 20 µM, 0.1 M NaCl, pH 6.0, 
SSA = 4.5 m²/g. 
 
In the absence of CO2, the best fit was obtained with two components showing 
absorption maxima at 942 and 913 cm−1, where the latter was found to be the only 
component in the spectra of the early stage of sorption (data not shown). These findings 
lead to the conclusion that the UO2
2+ ions form inner-sphere surface complexes during 
the early stage of the sorption process whereas surface precipitation subsequently 
occurs. 
 
The deconvolution of the sorption spectra recorded in ambient atmosphere demonstrates 
again the presence of two species with maxima at 913 and 893 cm−1 (Fig. 18 B). In 
contrast to the previous sorption experiment, these species were found in all spectra 
recorded throughout the whole sorption period. Therefore it can be suggested that the 
first species (913 cm−1) represents a tightly bound, most probably inner-sphere species 
which is formed irrespective of the prevailing atmosphere. This assignment is supported 
by the results from the flushing procedure which shows only negligible release of uranyl 
species showing the nearly same characteristic frequency (917 cm−1, Fig. 17 F). 
Because of the low reversibility of the uranyl surface species and of the macroscopic 
findings from earlier batch [89] and spectroscopic experiments [88, 90, 92], it is 
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assumed that the species at 913 cm−1 represents an inner-sphere U(VI) complex on 
gibbsite. 
 
The uranyl species characterized by the band at 893 cm−1 obviously represents a ternary 
surface species with contributions from carbonate ligands. This can be derived from the 
change of the band pattern of the ν3(CO3) modes above 1400 cm
−1 correlating with the 
presence of uranyl ions (Fig. 17 D). Moreover, a coordination of such ligands to the 
UO2
2+ ion is expected to shift the frequency of the ν3(UO2) mode to lower frequencies. 
For instance, the ν3(UO2) mode of the aqueous UO2(CO3)3
4− complex was also found at 
893 cm−1 [43]. Therefore, one can postulate that two inner-sphere uranyl species, most 
probably a hydroxo and a carbonato species, are formed on the surface of gibbsite under 
ambient conditions. 
 
The in situ experiments clearly show that already at an initial U(VI) concentration of 
20 µM and after a relatively short sorption time surface precipitation occurs. In order to 
identify the formation of surface species without interfering surface precipitation, the 
initial U(VI) concentration was set to a minimal level (6 µM) still providing 
spectroscopic results with a sufficient signal-to-noise ratio. Such results were only 
obtained by using the gibbsite sample with the high SSA value (Table 5, Sample 2). The 
time-resolved IR spectra of the sorption step performed in an inert gas and in ambient 
atmosphere are shown in Fig. 19 A and B, respectively. Because of the reduced 
concentration the sorption experiment was run for a p olonged time up to 4 hours.  
 
Generally, the spectra corroborate the results obtained at a higher initial U(VI) 
concentration. Under inert gas and ambient conditions, the bands of the ν3(UO2) mode 
are again observed at 914 and 904 cm−1, respectively. Because of the lack of a sharp 
band around 940 cm−1, surface precipitation can be ruled out. From these findings, it is 
assumed that the same binary and ternary uranyl surface species are formed as identified 
at higher initial concentration.  
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Fig. 19: In situ mid-IR spectra of U(VI) sorption on crystalline gibbsite (SSA= 165 m²/g) in N2 (A) 
and ambient (B) atmosphere. [U(VI)]init.  = 6 µM, 0.1 M NaCl, pH 6.0. 
 
The bands representing the ν3 modes of the carbonate ions are now observed at 1522
and 1350 cm−1 (Fig. 19 B). In particular, the latter band is shifted about 20 cm−1 to 
lower frequencies compared to the U(VI) sorption spectrum obtained from amorphous 
gibbsite (cf. Fig. 17 E). This considerable shift is explained by the higher degree of 
crystallinity of the solid phase. As reported earlier, the affinity of carbonate ions to 
crystalline gibbsite is much less than on amorphous Al(OH)3 [101]. Therefore, the 
observed frequencies of the carbonate bands in the spectra of the U(VI) sorption process 
on crystalline gibbsite mainly reflect the ternary uranyl-carbonato surface complex 
(Fig. 19 B). Conversely, the maxima of the carbonate bands in the spectra of U(VI) 
sorption onto amorphous gibbsite represent both carbonate ions bound to the alumina 
surface in a binary complex and ternary uranyl-carbonato surface complexes 
(Fig. 17 B). This can be proven by a subtraction of the spectrum of pure binary 
carbonate surface complex (Fig. 17 D) from those shown in Fig. 17 E yielding bands at 
1525 and 1352 cm−1 which are in very good agreement to those of the ternary complex 
on the crystalline gibbsite phase (data not shown).  
 
Moreover, prominent bands appear in the spectral region between 1200 and 1000 cm−1 
which are attributed to contributions of the stationary phase (Fig. 19 A, B). Because the 
shape of the spectra has significantly changed compared to the results from the 
amorphous phase, these bands are supposed to represent surface modes of the 
crystalline gibbsite. As already mentioned above, a detailed molecular interpretation 
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will only be feasible in combination with theoretical approaches such as surface related 
quantum chemical techniques. 
 
3.2.3.4 X-ray absorption spectroscopy of batch samples 
 
Complementary information of the surface species on a molecular scale can be 
potentially obtained from X-ray absorption spectroscopy. However, the results from 
vibrational spectroscopy clearly show that already t an initial U(VI) concentration of 
20 µM and after a relatively low sorption time surface precipitation occurs. Such 
experimental conditions are usually prevailed by common sample preparations for 
EXAFS investigations. As a consequence, EXAFS spectra of such samples are expected 
to be dominated by spectral features of the surface precipitates circumventing the 
identification of the other sorption species. Therefor , for EXAFS spectroscopy only 
batch samples were prepared with a reduced initial U(VI) concentration of ~6 and 3 µM 
(Table 6). Detailed information about the sample prpa ation, measurements and fitting 
of the results are given in chapter 5.2.12. 
 
Table 6: Experimental parameters of batch samples used for EXAFS spectroscopy (total volume: 
V = 0.5 L; total mass Al(OH)3: m = 0.3 g; ionic strength: I = 0.1 M (NaCl). 
 
Sample Atm. 
U(VI) init. 
conc. 
[µM] 
U(VI) 
loading 
[mg/g] 
U(VI) 
sorption 
[%] 
UgibbN3 N2 2.96 1.1 94.6 
UgibbN6 N2 5.92 2.3 98.6 
UgibbA3 air 2.78 1.1 99.3 
UgibbA6 air 5.56 2.2 99.3 
 
The spectra of all samples are very similar (Fig. 20) Slight spectral changes, labeled as 
“A” and “B” in Fig. 20, are observed with respect to he absence or presence of 
atmospheric CO2 in the samples. However, these alterations are strongly interfered by 
the inherent presence of the high scattering amplitudes of the first axial O-shells 
(Fig. 20). In order to emphasize the minor scattering signals only the axial (ax) and the 
equatorial (eq) O-shell were fitted and the best theoretical fit was subtracted from the 
experimental spectrum. In each fit the four-legged, two-fold degenerate multiple 
scattering (MS) path U-Oax(1)-U-Oax(2) (MSOax), which involves the two Oax of the 
UO2
2+ ion, was included by constraining its effective path length and Debye-Waller 
factor (σ2) to twice the corresponding values of the freely fitted Oax single scattering 
(SS) path [107]. 
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Fig. 20: Left panel: EXFAS spectra (black) of the sorption samples (Tab. 2) with fit (red). Right 
panel: corresponding FTs (right panel). 
 
In Fig. 21 the best fit of the major scattering contributions is shown together with the 
residuals in the k-space and the Fourier transforms (FT) of the residuals. For the 
identification of significant scattering contributions contained in the residuals, the 
experimental error is estimated by inspection of the R-region between 15 and 25 Å. This 
R-region is expected to be devoid of structural features so that appearing FT peaks 
mainly originate from the experimental error [108]. As a conservative estimate the 
maximum value of the experimental error was set equal to the amplitude of the highest 
peak in the mentioned R-region. This value is shown as a horizontal line in the FT for 
each sample (Fig. 21, right panel). In the FT of the residuals of the sorption samples, 
there are four peaks showing amplitudes clearly beyond the experimental error (Fig. 21, 
right panel), that is at 0.3–1.3 Å (peak 1), 2.4 Å (peak 2), 2.9 Å (peak 3) and 3.6 Å 
(peak 4). Peak 1 and 3 are observed for all samples and represent a negligible artifact 
and U-Al interactions, respectively. In particular, the presence of peak 3 in the FTs 
clearly demonstrates the formation of inner-sphere sorption complexes in all samples, 
substantiating the interpretation of the vibrational spectroscopic results. In contrast, the 
significant scattering contributions reflected by peak 2 and 4 correlate with the presence 
of atmospheric CO2 and represent U-CO3 and U-U interactions, respectively. 
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Fig. 21 Left panel: Fit of the first two shells (red) of the reference (UO2(H2O)5
2+) and sorption 
samples (black) and the residuals (dotted lines). Right panel: Fourier transformation of the 
residuals. The horizontal lines represent the estimated experimental error level. 
 
For a reliable assignment of the scattering contributions, the inspection of the 
experimental error and the identification of possible artifacts are necessary. Such 
artifacts can originate from the data treatment, from assumptions made for calculating 
the theoretical phase and amplitude functions with FEFF and from assumptions made in 
the shell fitting approach. For an estimate of such artifacts, the fully hydrated uranyl ion 
UO2(H2O)5
2+ (aqueous solution; 0.1 M NaClO4; pH < 1) is used as a reference (Fig. 21, 
upper traces). For this ion, all relevant scattering contributions can be subtracted from 
the experimental spectrum by a shell fit considering o ly the contributions of Oax, Oeq 
and the MSOax. In case of an entire theoretical description no residual is expected. In 
fact, after subtraction of the best theoretical fit from the experimental spectrum the 
remaining residual is higher than the estimated experimental error as it is shown in 
Fig. 21, upper traces. 
 
The residual peak 1, which is observed for all sample s ectra, is an artifact resulting 
from the subtraction of the spline function from the absorption spectrum in order to 
isolate the EXAFS signal. This peak will not disturb the analysis because of the large 
distance gap to the other peaks.  
 
The residual peak 2 could be fitted by a light element like carbon with a coordination 
number (CN) of CNC = 1.1 in a radial distance (R) of RU-C = 2.92 Å by using a constant 
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σ
2 of 0.018 Å2 taken from the fit of the aqueous UO2(CO3)3
4− complex in the k-interval 
3.1–12.2 Å−1 [109]. The RU-C would be in line with bidentately coordinating carbonato 
groups [29, 30, 109, 110] which are not present in the reference sample of UO2(H2O)5
2+. 
Furthermore, since such a peak was also observed for U(VI) sorption samples prepared 
under strictly exclusion of carbonate [109], and it can be fitted with one carbon with an 
RU-C = 2.92–2.94 Å, peak 2 has to be considered as a source f possible overestimation 
of the number of coordinated carbonato groups. Consequently, the proof for a carbonate 
interaction in the case of the sorption samples is only reliable if the fitted CNC > 1 
(Table 7). For the samples prepared under inert gas conditions and irrespective of 
surface loading, the amplitude of peak 2 is lower than in case of UO2(H2O)5
2+. Thus, no 
coordinated carbonato groups are present, as expected. An increased amplitude of 
peak 2 is only observed for the samples prepared under ambient atmosphere, and it is 
higher than peak 2 of the reference. Hence, for these sorption samples, bidentately 
coordinating carbonato groups are present which is further supported by the fitted 
CNC > 1 (Table 7). 
 
The residual peak 3 is stemming from the misfit of the MSOax. Note that also the 
inclusion of the remaining MS paths along the Oax(1)-U-Oax(2) chain does not improve 
the fit. Consequently, for a reliable assignment of peak 3 to a distinct interatomic 
distance in sorption samples, the amplitude must be higher than the residual stemming 
from the misfit of MSOax in UO2(H2O)5
2+. For all sorption samples, the intensity of 
peak 3 is significantly higher compared to the UO2(H2O)5
2+ reference. Thus, under 
consideration of the FT phase shift, this peak is as igned to a U-Al interaction at 
RU-Al ~3.4 Å. This indicates the presence of edge sharing sorption complexes as they 
were recently derived for U(VI) sorption complexes on gibbsite [65], imogolite [110] 
and montmorillonite [111].  
 
The residual peak 4 has lowest amplitude when compared with the other residuals. The 
phase shift corrected peak 4 position would be in agreement with possible U-U 
interactions at 3.9 Å and/or distal oxygen atoms (Odis) originating from bidentately 
coordinated carbonato groups at 4.2 Å . Hence, in case of the sorption samples, this 
residual should be higher than for UO2(H2O)5
2+ to become a significant scattering signal 
stemming from U and/or Odis atoms. For the carbonate containing samples the peak 4 
amplitude is higher than in case of UO2(H2O)5
2+ and correlates with the amplitude of the 
U-C interaction (peak 2), hence U-U interactions at 3.9 Å and/or Odis atoms originating 
from bidentately coordinated carbonato groups are proposed. Therefore, a more detailed 
evaluation of this peak is mandatory. This can be achieved by performing a shell fit of 
the experimentally obtained spectra according to the fi  scheme in Table 7, but omitting 
the U-U interactions. The subtraction of the best fit  from the experimental spectra 
minimizes the impact of neighboring scattering centers on the signal to be FT filtered 
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(data not shown). Subsequently, the residual peak 4 is FT filtered in the interval 2.64–
4.37 Å for both samples. The FT filtered spectra thus obtained and the respective FTs 
are shown in Fig. 22 (dark traces). 
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Fig. 22: FT filtered peak 4 from Fig. 21 fitted with single and multiple scattering paths from 
bidentate coordinated carbonato groups and with a U–U path. For details see text. 
 
For both samples, the highest amplitude of the FT filtered EXAFS oscillation appears in 
the higher k-range (Fig. 22, left panel). For an accurate fit, first contributions from 
bidentately coordinated carbonato groups are considered. For the included significant 
scattering paths U-Odis, U-C-Odis, and U-C-Odis-C the σ2 were fixed during the fit to 
σ2U-Odis = 0.003 Å2 and to σ2 = 0.053 Å2 for the other two paths, while the effective path 
lengths of all paths were linked together on the same value during the fit [109]. For both 
samples, the best fits are shown in Fig. 22, dotted traces. For the low and the high 
U-loading 0.62(6) Odis at 4.190(3) Å and 0.76(8) Odis at 4.203(4) Å were found, 
respectively. The RU-Odis values of ~4.2 Å agree well with those reported for bidentately 
coordinated carbonato groups. However, there is still a large discrepancy between the 
fits and the filtered spectra particularly at higher k-range. 
 
Hence, a more plausible interpretation is the presence of U-U interactions. In fact, a 
significant improvement of the theoretical fit can o ly be obtained if a U-U interaction 
is taken into account (Fig. 22, blue traces). By keeping the σ2 of U constant at 0.006 Å2 
during the fit, for the sample with low and high U-loading, CNU values of 0.70(2) and 
0.95(2) and RU-U values of 3.928(1) Å and 3.929(1) Å were obtained, respectively. 
Hence, peak 4 is assumed to be mainly determined by U scattering and thus reflecting 
U-U interactions in the carbonate containing sorptin samples. Also a simultaneous fit 
of both contributions by allowing a free variation ly for RU-Odis(SS, MS), RU-U and CNU 
was tested, while the other parameters were fixed to the values of the previous fits. 
Although only three variable parameters are present and all the other parameters were 
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fixed the fit becomes unstable due to the high correlation between the free parameters 
and the low amplitude of the spectral feature. With respect to the calculated aqueous 
speciation (Section 3.2.3.1) and the results from IR spectroscopy (Section 3.2.3.3), it 
can be suggested that this spectral feature reflects a dimeric uranyl surface species on 
gibbsite with a bidentately coordinated carbonate ligand. This assignment is supported 
by the intensity of the residual peak 2 which also correlates with the presence of 
atmospherically derived carbonate (Fig. 21). This spectral feature can be fitted by a light 
element such as carbon. Moreover, from the in situ IR experiments, it is evidenced that 
under ambient conditions carbonate ions are bidentately coordinated to the uranyl 
surface complex (Fig. 17).  
 
Based on the assignment of the significant peaks a final shell fit model is constructed 
for each sample. The resulting EXAFS structural parameters are listed in Table 7 and 
the corresponding fits of the spectra are shown in Fig. 20. 
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Table 7: Shell fit structural parameter for U L III -edge EXAFS spectra. 
 
 Sample 
Atmosphere: N2 N2 Air Air 
Sample name: UgibbN3 UgibbN6 UgibbA3 UgibbA6 
Surface loading [mg/g]: 1.1 2.2 1.1 2.2 
Atom ↓ Parameter ↓     
Oax 
R [Å]a 
σ² · 103 [Å2]b 
CNc 
1.794(2) 
2.8(1) 
2* 
1.791(2) 
2.6(2) 
2* 
1.795(1) 
2.5(1) 
2* 
1.787(1) 
2.2(1) 
2* 
Oeq 
R [Å]a 
σ² · 103 [Å2]b 
CNc 
2.373(3) 
7.8(5) 
5.0(2) 
2.367(4) 
8.1(6) 
5.2(3) 
2.384(3) 
8.8(5) 
5.2(2) 
2.369(3) 
10.0(5) 
5.6(2) 
C 
R [Å]a 
σ² · 103 [Å2]b 
CNc 
/ / 
2.927(6) 
1.7* 
0.7(2)# 
2.923(6) 
1.7* 
0.5(1)# 
Al 
R [Å]a 
σ² · 103 [Å2]b 
CNc 
3.405(6) 
3.0* 
1.2(1) 
3.405(7) 
3.0* 
1.2(1) 
3.371(8) 
3.0* 
0.8(1) 
3.385(6) 
3.0* 
1.0(1) 
U 
R [Å]a 
σ² · 103 [Å2]b 
CNc 
/ / 
3.91(1) 
6* 
0.7(1) 
3.926(7) 
6* 
1.0(1) 
 ∆E0 [eV]
d 2.0(4) 1.2(4) 2.1(3) 1.1(3) 
 
aatomic distance; bDebye-Waller factor; cCoordination number; dshift in threshold energy; 
*fixed during shell fit procedure, CN ± 20%, R ± 0.02 Å, amplitude reduction factor S0 = 0.9. 
# 
values correspond to fitted CN − 1. Uncertainties of the variable parameters as estimated by 
EXAFSPAK are given in parentheses. Fitted k-range: 3.1-12.2 Å−1. Fixed Debye-Waller factors: 
C (σ2 = 0.0017 Å2) [109], Al (σ2 = 0.003 Å2) [91], U (σ2 = 0.006 Å2) [65, 91]. 
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3.2.3.5 Concluding remarks 
 
For the first time, the impact of atmospherically derived carbonate on the sorption 
processes of uranium onto gibbsite is thoroughly investigated by means of ATR FT-IR 
and EXAFS spectroscopy. The experimental parameters, namely micromolar initial 
U(VI) concentrations and a circumneutral pH value, w re chosen to approach relevant 
environmental conditions. Furthermore, in this pH range, gibbsite shows its highest 
thermodynamic stability [13] ruling out the transformation to other solid alumina 
phases. 
 
From the vibrational spectroscopic in situ experiments, the formation of a mononuclear 
inner-sphere complex is derived from experiments in an inert gas and in ambient 
atmosphere as well (Fig. 23 A). Under inert gas conditions, it was found that surface 
precipitation easily occurs after relatively short contact time at micromolar initial U(VI) 
concentrations, whereas in the presence of atmospherically derived CO2 precipitation is 
prevented due to formation of a ternary U(VI)-surface complex with bidentately 
coordinated carbonate ions (Fig. 23 B). The aqueous species of this complex was 
structural analyzed before by ATR FT-IR spectroscopy and quantum chemical 
calculations. 
 
These findings are supported by results from EXAFS spectroscopy providing values of 
interatomic distances and coordination numbers concordant with values for 
mononuclear inner-sphere complexes (Fig. 23 A, Table 7). Moreover, in the presence of 
atmospherically derived CO2, the EXAFS spectra strongly suggest the formation of a 
dimeric U(VI)-carbonato surface species. The found values of RU-U and RU-C of ~3.9 
and ~2.9 Å fit well with values obtained for the aqueous species like (UO2)2(OH)2
2+ 
[45] and (UO2)2CO3(OH)3
− [37], respectively. Because the EXAFS spectra provide 
further evidence for U-C and U-Al interactions and with respect to the aqueous 
speciation calculation (Fig. 16), the formation of an edge sharing polynuclear 
U(VI)-carbonato surface complex similar to (UO2)2CO3(OH)3
− is suggested (Fig. 23 B). 
 
The identification of a mononuclear inner-sphere surface complex in ambient 
atmosphere is concordant with previously published time-resolved fluorescence data 
[88]. In addition, in the same work, a polymeric species was derived, which might 
correspond to the carbonate containing dimer identifi d within this work. 
 
Under inert gas conditions, a multiplicity of complexes is postulated in the literature. 
Because the numerous species were derived from a large pH range, the contradictory 
results are probably due to the acid-base properties of gibbsite which were found to vary 
significantly between the different samples [97]. Nevertheless, several sorption studies, 
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applying fluorescence and X-ray absorption spectrosopy, concordantly postulate the 
formation of mononuclear inner-sphere complexes at a pH value close to 6 [65, 90, 92]. 
These findings are obviously confirmed by the combined approach using vibrational 
and X-ray absorption spectroscopy. In addition, the formation of polymeric surface 
species or precipitates was presumed from TRLFS and X-ray absorption studies [90, 
91]. From the in situ experiments, it is now evidenced that precipitation of U(VI) at the 
gibbsite surface does not occur until the initial U(VI) concentration is in the lower 
micromolar range at circumneutral pH in the absence of carbonate. 
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Fig. 23: Schemes of the proposed U(VI) surface speci s on gibbsite at pH 6. 
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3.2.4 Sorption studies of Np(V) 
3.2.4.1 Aqueous speciation of Np(V) in ambient atmosphere 
 
In analogy to the sorption studies of U(VI), the aqueous speciation of the NpO2
+ ion has 
to be known in detail before. Therefore, the expected composition of the Np(V) 
solutions over the pH range from 6 to 10 under ambient conditions were calculated by 
the thermodynamic modeling code package EQ3/6 [74] based on the updated NEA 
thermochemical database (TDB) [75]. The Np(V) concentration was set to 50 µM in 
0.1 M NaCl, which corresponds to the conditions used for the in situ IR spectroscopic 
experiments. The calculations predict a total number of four species, that is NpO2
+, 
NpO2CO3
−, NpO2(CO3)2
3−, and NpO2(CO3)3
5− (Fig. 24), where the fully hydrated 
NpO2
+ ion is the dominating species below pH 8. The Np-carbonato complexes become 
significant only at higher pH values. The sorption experiments were performed at a pH 
of 7.5, which represents maximum sorption conditions for numerous minerals [25]. At 
this pH, the fully hydrated neptunyl ion is predicted to dominate the speciation (> 95%) 
and only a small fraction of the NpO2CO3
– complex (< 5%) should be present.  
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Fig. 24: Aqueous speciation diagram of 50 µM Np(V) under ambient atmosphere with varying pH 
(calculated with the NEA, TDB). 
 
Under inert gas conditions, the calculated speciation is less complex. The fully hydrated 
NpO2
+ ions is the predominate species throughout the pH range < 11 as it was shown in 
a recent work of the Np(V) sorption processes on various metal oxides [25]. In that 
work, the theoretical result was verified by vibrational spectra where the characteristic 
absorption band representing the antisymmetric stretching vibration of the NpO2
+ 
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moiety, that is the ν3(NpO2) mode was observed at 818 cm
−1 [25]. Formation of further 
species was not derived from the spectroscopic data.
 
At higher pH levels and under atmospheric conditions, carbonate complexation 
reactions occur [38, 39]. The formation of these products generally generates a shift of 
the v3 modes of actinyl ions to lower frequencies [25, 489]. The IR spectrum of an 
aqueous Np(V) solution with atmospherically equivalent added carbonate at pH 7.5 was 
determined for the first time and is shown in Fig. 25 The absorption band representing 
the ν3(NpO2) mode is now observed at 796 cm
−1, due to the formation of a carbonato 
complex. Different to the calculated speciation, this complex is the dominating species 
and not the predicted neptunyl ion. A discrepancy between spectral results and 
calculated speciation of actinyl(VI) ions was also found by Müller et al. [43] [44]. 
Reasons may be limited data sets and extrapolation of results obtained from 
potentiometric investigations from millimolar to the micromolar concentration range 
which might lead to insufficiently calculated speciations.  
 
The extent of the frequency shift of the ν3(NpO2) mode of about 22 cm
−1 compared to 
the NpO2
+ species most probably reflects the NpO2C 3
− species. According to Maya 
et al. [39], NpO2
+ generally shows a weak tendency to form complexes with inorganic 
ligands with the exception of carbonate ions where r latively stable complexes were 
found. From U(VI) a linear correlation between the number of ligands and the 
calculated frequency of the actinyl ν3 mode is known [106]. The highest frequency is 
found for the fully hydrated species, whereas it decreased with increasing number of 
ligands. For instance, the ν3(UO2) mode of the 1:0 and 1:3 carbonato complexes are 
observed at 961 and 893 cm−1 [43], respectively, suggesting a decrease of ~24 cm−1 for 
each additional ligand. Assuming that the extent of the frequency shift is similar for the 
NpO2
+ ion, the frequency of the ν3(NpO2) mode observed can be attributed to a 1:1 
complex, that is NpO2CO3
−. 
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Fig. 25: IR spectrum of an 100 µM Np(V) solution in D2O containing atmospheric equivalent added 
carbonate at pD 7.1. 
 
The present of a carbonato species in the solutions used for the sorption studies may 
have consequences for the sorption processes itself. The formation of stable aqueous 
carbonate species might lead to a decrease of the sorption. Hence, the impact of 
atmospheric equivalent added CO2 on the Np sorption processes is investigated. 
 
3.2.4.2 In situ sorption of Np(V) on amorphous gibbsite 
 
The IR spectra of the in situ sorption experiments on amorphous gibbsite under inert gas 
conditions and with atmospheric equivalent added carbonate are shown in Fig. 26. The 
sorption processes were induced at an initial Np concentration of 50 µM. Under the 
prevailing conditions, after sorption times of about 60 minutes no further spectral 
changes were observed. The time-resolved spectra are ch racterized by increasing band 
amplitudes reflecting the proceeding formation of surface complexes with ongoing 
sorption. They can be divided into three spectral regions each explicitly showing 
characteristic modes of distinct functional groups. In the region below 900 cm−1, the 
antisymmetric stretching vibration of the NpO2
+ ion, ν3(NpO2), is observed. Surface 
modes of the gibbsite phase appear in the spectral region between 1000 and 1200 cm−1, 
whereas the characteristic modes of the atmospheric equivalent added carbonate are 
observed above 1300 cm−1. Due to the frequency range of the ν3(NpO2) mode, where 
the H2O solvent shows a strong absorption band, the experiments have to be performed 
in D2O. As a consequence, contributions of modes of HDO present in solution because 
of contamination by residual light water have to be considered. These modes are 
expected to interfere with those of the carbonate ions in the spectral range from 1500 to 
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1400 cm−1. The spectra of the sorption experiment under inert gas conditions 
(Fig. 26 E.) exhibit the modes of HDO at 1433 and 1470 cm−1. 
 
1600 1200 8001600 1200 800
inert
∆∆ ∆∆ -
ab
so
rp
tio
n 
[a
.u
.]
Flushing
min
60
50
40
30
20
10
+ NpO+
2
Wavenumber [cm –1]
∆∆ ∆∆-
ab
so
rp
tio
n 
[a
.u
.]
78
9
E
F
CO
2
+ D
2
O(C
eq.
)
Flushing
aq. NpO+
2
(C
eq.
),  pD 7.1
 
min
60
50
40
30
20
10
+ NpO+2(Ceq.)
1405
15
00
13
80
78
9
796
A
B
C
D
*
1495
 
 
Fig. 26: IR spectrum of an Np(V) solution containing equivalent atm. carbonate (A); IR spectrum 
of the flushing under inert gas atmosphere after sorption of N(V) in the presence of 
carbonate (B), time-resolved IR spectra of in situ Np(V) sorption experiments on 
amorphous gibbsite the presence of carbonate (C), sorption of equivalent atm. carbonate 
(D), sorption of Np(V) in under inert gas conditions (E), IR spectrum of the flushing under 
inert gas atmosphere (F). The arrows indicate time-resolved spectra recorded at 10, 20, 30, 
40, 50, and 60 minutes after induced sorption. [Np(V)] init.= 50 µM. All aqueous solutions in 
D2O, 0.01 M NaCl, pD 7.1. 
 
In the absence of carbonate, the time-resolved spectra are dominated by two absorption 
bands at 1070 and 789 cm−1 (Fig. 26 E) representing vibrational surface modes of 
gibbsite and the ν3(NpO2) mode, respectively. The frequency of the ν3(NpO2) mode is 
shifted about 28 cm−1 to lower wavenumbers compared to those of the fully hydrated 
ion which is observed at 818 cm−1 [25]. Generally, the complexation of the NpO2
+ ion 
correlates with a shift of the ν3(NpO2) mode to lower frequencies. The formation of an 
inner-sphere surface complex can be suggested due to this considerable bathochromic 
shift compared to the aqueous species. A similar frequency of this vibrational mode was 
observed for NpO2
+ sorption complexes on TiO2 [25].  
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A flushing step subsequent to sorption and sorption experiments at different ionic 
strengths were done to validate the postulation of an inner-sphere complex and to 
determine if additional outer-sphere complexes are fo med. Throughout the flushing 
step, outer-sphere complexes are generally released from the mineral film and negative 
bands are observed in the respective spectrum [25, 48]. Increasing the ionic strength 
prevents the formation of outer-sphere complexes on the surface and leads to a decrease 
of the band intensity in the sorption spectra. The formation of inner-sphere complexes is 
not influenced by the ionic strength.  
 
During the flushing step, only a very weak band at 789 cm−1 is observed indicating a 
small removal of Np(V) from the mineral phase. No shift of the band indicates that no 
further complexes are formed on the surface. These observations strengthen the 
postulation of the formation of only one inner-sphere complex, which was suggested 
from the sorption spectra (Fig. 26, F). An influenc of the ionic strength (Fig. 27) is not 
clearly visible. No shift of the position of the absorption band occurs and the intensity 
only slightly decreases, but sorption still happens at an ionic strength of 2 M NaCl. This 
confirms the formation of an inner-sphere complex, which is in agreement with recent 
batch experiments of the gibbsite/NpO2
2+ sorption system in carbonate free systems 
[12]. 
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Fig. 27: Influence of ionic strength on Np(V) sorption on amorphous gibbsite in the absence of 
carbonate (left) and in the presence of carbonate (right). [Np(V)] init.= 50 µM in D2O, 0.01 M 
(light gray), 0.1 M (black) and 2 M (gray) NaCl, pD 7.1, sorption time: 60 min. 
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The time-resolved spectra of the sorption of Np(V) on gibbsite in the presence of 
atmospheric equivalent added carbonate (Fig. 26, C) are dominated by absorption bands 
at 1495, 1405, 1070 and 789 cm−1. The ν3(NpO2) modes of the sorption species are not 
further shifted compared to those obtained in inert gas atmosphere (Fig. 26 C, E). This 
is in homology to recent results from ternary U(VI)-carbonato complexes on ferrihydrite 
where no impact of the carbonato ligand on the frequency of the ν3(UO2) was observed 
[84]. For the evaluation of the contribution of the carbonate ions to the Np sorption 
complexes, a thorough investigation of the vibrational modes of these anions was 
carried out.  
 
Prior to these experiments, the interactions of the dissolved carbonate ions with the 
gibbsite surface were investigated (Fig. 26 D). The sp ctrum obtained exhibits two 
bands at 1500 and 1380 cm−1 representing the ν3,as and ν3,s mode of the carbonate ions 
adsorbed onto the gibbsite phase, respectively. The bands are different to those 
observed in H2O (Fig. 17), because of the isotopic shift in D2O. The band pattern of the 
ν3(CO3) modes is changed in the presence of Np(V) (Fig. 26 C, D). With respect to the 
sorption spectrum of the binary carbonate-gibbsite system, the band of the ν3,as mode is 
shifted to lower wavenumber whereas the ν3,s mode shows up at higher frequencies and 
are now observed at 1495 and 1405 cm−1, respectively. The decreased ∆ν3 value of 
about 90 cm−1 indicates a change of the carbonate surface species because of the 
presence of the NpO2
+ ions. Consequently, it is assumed that the carbonate ions 
coordinate to the neptunyl ions sorbed on the gibbsite urface resulting in ternary 
surface complexes. 
 
With respect to the absorption properties of the solvent D2O providing access to the 
spectral range below 800 cm−1, it is hardly feasible to explore the spectral range of the 
carbonate modes between 1600 and 1200 cm−1 accurately. This is due to interfering 
contributions of small HDO contaminations, which cannot be completely avoided and 
which are hard to reproduce. Consequently, sorption experiments of atmospheric 
derived CO2 on gibbsite were performed in H2O solutions in the presence and absence 
of Np(V). Prior to that, the stationary gibbsite phases were prepared and equilibrated 
under inert gas conditions. In the absence of Np(V), the ν3,as(CO3) and ν3,s(CO3) modes 
representing surface-coordinated carbonate anions are observed at 1500 and 1421 cm−1 
on amorphous gibbsite (Fig. 28 A, grey trace) as previously reported [49] and discussed 
in section 3.2.3.2. In contrast, on crystalline gibbsite, the respective spectrum 
demonstrates that no sorption complexes of carbonate ions are formed (Fig. 28 B, grey 
trace). In the presence of Np(V), bands representing sorbed carbonate species are 
observed for both gibbsite phases at 1495 and 1405 cm−1 (Fig. 28, black traces). It is 
noteworthy that the bands in the spectrum of the amorphous phase show considerably 
greater band widths. This is obviously due to contribu ions of the two carbonate surface 
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species observed at 1500 and 1421 cm−1 and at 1495 and 1405 cm−1 on amorphous 
gibbsite in the absence and presence of Np(V), respectively.  
 
As described in section 3.2.3.2 the spectral splitting of the ν3(CO3) modes(∆ν) generally 
serves as a reference value for the character of coordination of the anion to surfaces. 
From the ∆ν value of 90 cm−1 in the Np surface complex on crystalline gibbsite, a 
monodendate coordination of the carbonate anion could be derived. However, assuming 
that this surface species represents a ternary Np-carbonato surface complex, a 
monodendate coordination of the ligand to the actinyl moiety is hardly conceivable, 
because carbonate ions generally coordinate in a bidendate manner to actinyl ions [27, 
112]. Hence, the small ∆ν value observed might be related to intrinsic propeties of the 
pentavalent NpO2
+ ion and of the gibbsite surface as well. 
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Fig. 28: IR spectra of the sorption processes of atmospherically derived carbonate on amorphous 
(A) and crystalline (B) gibbsite in the absence and presence of Np(V) in H2O. 
[Np(V)] init.= 50 µM, 0.01 M NaCl, pH 7.5. Spectra are equally scaled (1.0 mOD/tick). 
Indicated values are in cm−1. 
 
The band at 1070 cm−1 represents vibrational surface modes of gibbsite and was 
discussed before. During the time of sorption no changes of the ν3 mode of NpO2
+ at 
789 cm−1 occurs indicating the formation of only one surface complex. With respect to 
the same frequency observed for the ν3(NpO2
+) mode the formation of an inner-sphere 
complex can be suggested irrespective of the prevailing atmospheric conditions. Again, 
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this is confirmed by the sorption spectra recorded at ifferent ionic strengths where no 
significant impact of the spectral results is observed (Fig. 27). This is in good agreement 
to earlier batch experiments of the gibbsite/NpO2
+ sorption system, where the formation 
of inner-sphere complexes was also assumed in carbon te containing systems.  
 
3.2.4.3 X-ray absorption spectroscopy of batch samples on amorphous gibbsite 
 
To obtain complementary information of the surface species on a molecular scale 
EXAFS experiments were done. In homology to vibrational spectroscopy, batch 
samples in the presence and absence of carbonate were prepared. Detailed information 
about the sample preparation, measurements and fitting of the results are given in 
chapter 5.2.12 
 
In Fig. 29, the EXAFS spectra (inset) and the respectiv  Fourier transformation (FT) are 
shown (black traces). The corresponding fits are also displayed (red traces). From the 
results, a slight spectral change, labeled as A in Fig. 29, is observed with respect to the 
absence or presence of atmospheric CO2 in the samples. The structural parameters 
obtained are given in Table 8.  
 
In the absence of carbonate the environment of Np(V) consists of 2 Oax at 1.84 Å and 
5 Oeq at 2.46 Å. These atomic distances correspond well with literature data for aqueous 
complexes [113] and surface complexes of NpO2
+ [113, 114]. The remaining peak at 
around 3.5 Å can be fitted with one aluminum atom at 3.48 Å indicating the formation 
of an inner-sphere complex. This Np-metal distance was also found for an inner-sphere 
Np(V) complex on hematite by Arai et al. [114]. 
 
In the presence of carbonate the best fit is obtained with 2 Oax at 1.83 Å, 5 Oeq at 2.45 Å. 
The spectral change (Fig. 29, label A) compared to the sample in inert gas can be fitted 
with 2.05 C at 2.9 Å. According to Gückel et al. [49] and as described in Chapter 
3.2.3.4, the coordination number of carbonate is overestimated by 1, because of an 
artifact. Consequently, a final coordination number of 1.05 carbonate is obtained. 
Additionally, the peak at 3.42 Å can be attributed to one aluminum atom, which 
strengthens the postulation of the formation of an inner-sphere Np-carbonato complex 
on the surface of gibbsite. 
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Fig. 29: Fourier Transformation (black) of the EXFAS spectra of the sorption samples with fit 
(red). Inset: EXAFS spectra (black) and corresponding fit (red). 
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Table 8: Shell fit structural parameter for Np L III -edge EXAFS spectra 
 
Atmosphere: N2 Air 
Atom ↓ Parameter ↓   
Oax 
R [Å]a 
σ² · 103 [Å2]b 
CNc 
1.8397 
8.28 
2* 
1.8343 
7.36 
2* 
Oeq 
R [Å]a 
σ² · 103 [Å2]b 
CNc 
2.4597 
16.81 
5.0* 
2.4490 
10.18 
5.0* 
C 
R [Å]a 
σ² · 103 [Å2]b 
CNc 
/ 
2.92 
3.0* 
1.0543# 
Al 
R [Å]a 
σ² · 103 [Å2]b 
CNc 
3.4766 
5 
0.9389 
3.4167 
5.0* 
0.8239 
 ∆E0 [eV]
d -1.164 -1.7726 
 
aatomic distance; bDebye-Waller factor; cCoordination number; dshift in threshold 
energy; *fixed during shell fit procedure, CN ± 20%, R ± 0.02 Å, amplitude reduction 
factor S0 = 0.9. 
# values correspond to fitted CN−1. Fitted k-range: 2.5–9.5 Å−1. 
 
3.2.4.4 In situ sorption of Np(V) on crystalline gibbsite 
 
In contrast to the amorphous gibbsite, the equilibrat on spectrum for crystalline gibbsite, 
representing one hour flushing of the film with blank solution, exhibits surface 
vibrational modes below 800 cm−1 (Fig. 30). These modes interfere with the ν3(NpO2) 
modes and hamper an unequivocal interpretation. The surface modes between 1100 and 
1000 cm−1 and the vibrational modes of carbonate, which in the case of crystalline 
gibbsite only occur if Np(V) is present, and the ratio of the intensity of the absorption 
bands below 800 cm−1 help to sort out this problem. 
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Fig. 30: In situ IR spectra 50 µM sorption on crystalline gibbsite in the absence of carbonate. 
[Np(V)] init.= 50µM in D2O, 0.1M NaCl, pD 7.1. 
 
In the absence of carbonate, the time-resolved spectra of the Np(V) sorption on 
crystalline gibbsite show absorption bands at 1070, 10 6, 784 and 734 cm−1 (Fig. 30). 
All bands can be assigned to vibrational modes of gibbsite, among them the band at 
784 cm−1 can also be attributed to NpO2
+. The increase of the intensity of this band   
with sorption time compared to the constant intensity of the surface mode at 734 cm−1 
represents the formation of a Np(V) surface species. For further evaluation, the sorption 
experiments were repeated with a 100 µM Np(V) solution in order to enhance the 
intensity of the band representing the surface species. In fact, the time-resolved spectra 
(Fig. 31) show a significant increase of the intensity of the band at 784 cm−1 compared 
to the increase of the intensity of the vibrational surface mode.  
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Fig. 31: In situ IR spectra 100 µM sorption on crystalline gibbsite in the absence of carbonate. 
[Np(V)] init.= 100µM in D2O, 0.1M NaCl, pD 7.1. 
 
In comparison to the results obtained from experiments with amorphous gibbsite, the 
absorption band of Np(V) is further red-shifted which might reflect slightly different 
surface properties of the two phases. A higher specific surface area (see Table 5) and 
with this more and well defined binding sites could be an explanation for the spectral 
deviations. 
 
The time-resolved spectra of the sorption of NpO2
+ in the presence of carbonate show 
the same significant increase of the intensity of the absorption band at 784 cm−1 as the 
spectra under inert gas conditions (Fig. 32). This band can be assigned to a neptunium-
carbonato surface complex, which is also formed on amorphous gibbsite. No influence 
of the ionic strength (Fig. 33) and a weak negative band in the flushing spectrum 
(Fig. 32) verify the formation of an inner-sphere complex on the surface of gibbsite. 
Beside that, the existence of the vibrational modes of carbonate at 1496 and 1405 cm−1 
verifies the formation of a ternary inner-sphere complex, because the sorption of 
atmospherically equivalent added carbonate onto the surface of gibbsite only occurs if 
neptunium is present (Fig. 28 B). 
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Fig. 32: In situ IR spectra of Np(V) sorption on crystalline gibbsite in the presence of carbonate B 
and the flushing step A. [Np(V)]init.= 100 µM in D2O, 0.1M NaCl, pD 7.1. 
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Fig. 33: In situ IR spectra of Np(V) sorption on crystalline gibbsite in the presence of carbonate and 
different ionic strength. [Np(V)] init.= 100 µM in D2O, 0.01 M (light gray), 0.1 M (black) and 
2 M (gray) NaCl, pD 7.1. 
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3.2.4.5 Concluding remarks 
 
The formation of a Np(V)-carbonato species at near neutral pH values was proven by 
spectroscopic verification in contrast to the predicted aqueous speciation of Np(V) in 
ambient atmosphere. This discrepancy between spectral results and calculated 
speciation has to be resolved in future studies.  
 
For the first time, detailed molecular information f the Np(V) sorption species on 
amorphous and crystalline gibbsite are obtained by in situ ATR FT-IR and EXAFS 
spectroscopy under environmentally relevant conditions, namely micromolar initial 
Np(V) concentrations and a circumneutral pH value. The results consistently 
demonstrate the formation of mononuclear inner-sphere complexes of the NpO2
+ ion 
irrespective of the prevailing atmospheric condition (Fig. 34). The inner spherical 
coordination is derived from the extensive frequency shift of the ν3(NpO2) mode upon 
sorption in inert gas atmosphere, the insignificant release of sorption species during the 
flushing step, and the absent impact of the ionic strength on the sorption processes. The 
frequency of the ν3(NpO2) mode of this surface species is obviously dominated by the 
interactions of the neptunyl moiety with functional groups of the gibbsite surface 
because spectral changes of the surface complexes are not observed in spite of the 
formation of ternary neptunyl-carbonato surface complexes (Fig. 34 B). The ternary 
surface species are clearly evidenced by the spectral haracteristics of the ν3(CO3) 
modes particularly from the experiments on crystalline gibbsite (Fig. 28 B).  
 
The results obtained from EXAFS spectroscopy are consistent with the conclusions 
derived from vibrational spectroscopic data. The values of the interatomic distances and 
coordination numbers are in concordance with those found for inner-sphere 
complexation on hematite [114]. Moreover, in the prsence of atmospherically derived 
CO2, the EXAFS spectra strongly suggest the formation of a Np(V)-carbonato surface 
species. The value of RNp-C ~2.92 Å fit well with values obtained for aqueous species 
like NpO2CO3
– [112]. This implies a bidendate coordination of thecarbonate ligand also 
for the surface complex. As further interatomic distances for Np–C and Np–Al can be 
derived from the EXAFS spectra and as it is strongly suggested from IR spectroscopic 
data, the formation of an inner-sphere Np(V)-carbonat  surface complex on the gibbsite 
surface is most likely as shown in Fig. 34. 
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Fig. 34: Schemes of the proposed Np(V) binary (A) and ternary (B) surface species on gibbsite at 
pH 7.5. 
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4 Conclusion & outlook 
 
The aim of this work is the structural determination of aqueous and surface complexes 
of U(VI) and Np(V) on gibbsite by a combined spectroscopic and quantum chemical 
calculation approach. This strategy yields a profound collection of data which can be 
used as references for upcoming investigations of more complex aqueous solution and 
sorption systems. The results are of relevance for the assessment of the migration 
behavior of actinyl ions in groundwater systems. At near neutral pH values, where 
gibbsite shows the lowest solubility, it was shown that Al-hydroxides effectively retard 
the transport of actinyl ions at micromolar concentrations in water-bearing host rocks.  
 
Combining the theoretical and experimental results of the structural characterization of 
the U(VI) dimer,  an isomer with a carbonate ligand bri ging the two uranyl units as the 
predominant structure of the complex is proposed. In contrast to the predicted aqueous 
speciation of Np(V), the spectroscopic verification in the presence of carbonate has 
proven the formation of a Np(V)-carbonato species at near neutral pH values. This 
severe discrepancy has to be challenged in future wo ks. 
 
From the results of the sorption experiments, comple entary molecular information 
was obtained for the sorption complexes on gibbsite because of the different molecular 
scales probed by vibrational and X-ray absorption spectroscopy. The IR spectra provide 
an insight into the dynamic processes at the early stage of the sorption processes, 
whereas the EXAFS data allowed the detailed exploration of the coordination sphere of 
the metal atom at a steady-state condition.  
 
The formation of a monomeric inner-sphere U(VI) and a dimeric ternary 
uranyl-carbonato surface complex is derived from vibrational and EXAFS spectroscopic 
data. In addition, from infrared spectra it was found that U(VI) surface precipitation 
occurs at a micromolar concentration level after a rel tively short contact time in an 
inert gas atmosphere. From the vibrational spectrosopic in situ sorption experiments of 
Np(V) on amorphous and crystalline gibbsite, the formation of monomeric inner-sphere 
complexes was derived from experiments in inert gas atmosphere and in the presence of 
atmospheric equivalent added carbonate. These findings are supported by results from 
EXAFS spectroscopy providing values of interatomic distances and coordination 
numbers concordant with values for an inner-sphere complex. 
 
This study demonstrate a different surface speciation of U(VI) and Np(V) on gibbsite. 
The hexavalent actinyl ion forms a variety of monomeric, dimeric and polymeric 
surface species on gibbsite depending on the sorption time and atmospheric conditions. 
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Independent of the sorption time, the pentavalent np unyl ion forms monomeric inner-
sphere complexes which are coordinated by carbonate ligands under ambient 
conditions.  
 
These findings represent important reference data for further spectroscopic analyses of 
sorption and complexation reactions at mineral-water interfaces. The obtained data 
might serve as analogue for the clarification of the environmental behavior of more 
challenging actinide systems, e.g. plutonium, which simultaneously exists in several 
oxidation states. Additionally, the data act as a model for the future investigation of 
more complex mineral phases, showing different functio alities, like clays and clay 
minerals.  
 
Furthermore, this study shows that the combined approach of DFT calculations, ATR 
FT-IR and EXAFS spectroscopy is a powerful tool forresearchers in the field of 
radioecology and can be used for further investigations of more complex aquatic 
systems and sorption processes. The results obtained t a micromolar concentration 
level are more relevant for the specific conditions ccurring in the near and far field of 
radioactive waste repositories. Consequently, more reliable predictions of actinides 
migration which are essential for the safety assessm nt of nuclear waste repositories can 
be performed. 
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5 Materials and Methods 
5.1 Materials 
 
- All chemicals were of analytical grade. 
- The triply-deionized water with a resistivity of 18.2 MΩ/cm was produced by the 
Milli-RO/Milli-Q-System (Millipore, Schwalbach, Germany). For the experiments 
performed under inert-gas (N2) atmosphere, the Milli-Q water was boiled for 
approximately 90 minutes to remove carbonate. For IR measurements performed with 
heavy water, D2O with a purity of ≥ 99.99% from Sigma Aldrich (St. Louis, USA) 
was used.  
- For the adjustment of ionic strength solutions of 0.01, 0.1 and 2 M were prepared by 
dissolution of NaCl (Merck, Darmstadt, Germany) in the appropriate volume of 
Milli-Q water or D2O. 
- The pH adjustments were done by adding small aliquots of 1 M and 0.1 M NaOH / 
NaOD and HCl / DCl (Merck, Darmstadt / Chemotrade, Leipzig, Germany), 
respectively. 
- For the preparation of solutions with equivalent added carbonate Na2CO3 (Merck, 
Darmstadt, Germany) was dissolved in D2O. 
- For the dialysis of the gibbsite sample a Spectra Pore® Biotech Cellulose Ester (CE) 
dialysis membrane was used. 
 
 
 
5.2 Methods 
5.2.1 Thermodynamic data and speciation modeling 
Speciation modeling was performed by using the thermodynamic modeling code 
package EQ3/6 [74] based on the updated NEA thermochemical database (TDB) [75]. 
 
5.2.2 Experiments at high actinide concentrations 
237Np is a radioactive isotope and an α-emitter. High concentrated stock solutions of 
Np(V) were prepared and handled in a reduced pressur  box within a laboratory, 
appropriate for research involving actinides to avoid health risks caused by radiation 
exposure. 
 
5.2.3 Preparation of diluted solutions 
The diluted solutions of U(VI) were freshly prepared using stock solution of 0.05 M 
UO2Cl2 and Milli-Q water with a resistivity of 18.2 MΩ/cm. Ionic strength was in 
general 0.1 M NaCl, pH was adjusted by adding aliquots of 1 M and 0.1 M NaOH and 
HCl. For the preparation of the micromolar concentrated Np(V) sample solutions the 
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obtained deuterated 0.008 M NpO2Cl2 stock solution and D2O were used. The 
adjustments of the pD were done by adding small aliquots of 1 M and 0.1 M NaOD and 
DCl, respectively. 
 
5.2.4 Analysis of uranium and neptunium concentration 
Liquid scintillation counting (LSC) and inductively coupled plasma – mass 
spectrometry (ICP-MS) were applied to verify the 237Np and 238+U concentrations in the 
samples, respectively. The U(VI) concentration in solution was determined using the 
Perkin Elmer model ELAN 6000. All U(VI) samples were previously acidified with 
HCl. For Np analysis LSC measurements were carried out using the Perkin Elmer 
instrument Wallac Win Spectral 1414. A quantity of general 50 µL to 1 mL of the 
sample was mixed with 15 mL of the scintillation cocktail Ultima Gold (Perkin Elmer). 
 
5.2.5 Measurement of pH values 
The pH values of the samples were determined and adjuste  using laboratory pH-Meter 
inoLab pH 720 (WTW, Weilheim, Germany) with BlueLine 16pH microelectrode 
(Schott Instruments, Mainz, Germany). The calibration was performed by means of 
standard buffers (WTW, Weilheim, Germany). Measuring accuracy was ±0.05 pH units. 
In this work pD values determined using an electrode standardized in light water are 
given. The concerning values of pD can be calculated by the equation pD = pH + 0.4 
[115].  
 
5.2.6 Synthesis and characterization of the gibbsite samples 
The synthesis and characterization of the used gibbsite samples is described in Chapter 
3.2.2. 
 
5.2.7 Preparation of gibbsite film on ATR crystal 
The preparation of the gibbsite film was accomplished by pipetting aliquots of 1 µL of a 
gibbsite suspension (2.5 g/L; 1:1 H2O/MeOH) directly onto ATR crystal’s surface and 
subsequently drying under gentle flow of nitrogen. The maximum thickness of the 
gibbsite film was controlled after each drying step by the decrease of the IR 
transmission signal according to Müller et al. [25] (~0.1 mg/cm2). 
 
5.2.8 Determination of the Specific Surface Area 
The surface areas of the used gibbsite were determin d from the amount of adsorbed 
nitrogen at monolayer coverage from a BET (Brunauer-Emmet-Teller) plot of sorption 
isotherm data using a Beckman Coulter analyzer SA 3100. Prior to the measurement the 
samples were heated at 100 °C for 480 minutes. 
 
5.2.9 Experiments at inert gas atmosphere 
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The experiments at inert gas atmosphere to exclude on one hand the dissolution of 
atmospheric carbon dioxide and on the other hand fast exchanges of D2O and H2O in 
case of heavy water solutions, were performed in a glove box (MBraun, Inertgas-
Systeme GmbH, Garching, Germany) with nitrogen atmosphere (O2 < 0.1 ppm). For the 
ATR FT-IR analysis of the prepared solutions a small N2 box was utilized (Dinkelberg 
analytics).  
 
5.2.10 Analytical techniques 
Detailed information about the used techniques is given in Chapter 2. 
 
5.2.11 Experimental set-up ATR FT-IR experiment 
The sorption of U(VI) is performed during a time period of 90 min using a 20 µM 
U(VI) solution (0.1 M NaCl) adjusted to pH 6.0. All carbonate-free solutions were 
prepared in a glove box in an N2 atmosphere using degassed Milli-Q water. 
 
The sorption of Np(V) is performed during a time period of 60 min using a 50 µM 
Np(V) solution. For all solutions, the pH is adjusted to pH 7.5 whereas the ionic 
strength was varied from 0.001 to 2 M (NaCl) for the different experiments. For the 
analysis of the carbonate impacted on the sorption of Np(V) a aliquot of a 1 M Na2CO3 
solution was added to obtain ambient carbonate concentration. Furthermore, the 
aqueous Np(V) speciation in micromolar solutions containing carbonate was analyzed 
using ATR FT-IR. 
 
5.2.12 EXAFS measurements 
 
EXAFS measurements were carried out at the Rossendorf Beamline (BML20) at the 
European Synchrotron Radiation Facility (ESRF, Grenoble, France) [51]. The beamline 
is designed for an energy range from 5 to 35 keV. The lower energy limit is given 
fundamentally by the fixed Be windows. The upper energy limit was chosen to allow 
X-ray absorption spectroscopy (XAS) experiments on all chemical elements from Ti 
onward, as long as one absorption edge is in the energy range 5 to 35 keV.  
 
Uranium LIII- edge spectra of frozen sorption samples were collected in fluorescence 
mode using a 13-element-germanium detector and a helium cryostat at 15 K. For the 
samples with higher uranium loading, eight spectra and for the samples with lower 
uranium loading up to nineteen spectra were accumulated.  
 
For EXAFS spectroscopy of the U(VI) sorption samples, gibbsite suspensions were 
adjusted to pH 6 and equilibrated in a Heidolph Promax 2020 shaker for one day in inert 
gas or ambient atmosphere. Subsequently, a 18.8 mM (air) or 200 mM (N2) U(VI) stock 
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solution was added to obtain the chosen concentrations as given in Table 6. During the 
contact time, the samples were placed in the shaker t room temperature for 60 h and 
the pH value was checked every 24 h. Small pH alterations of ≤ 0.5 pH units occurred. 
After centrifugation (187,000 g, 45 min), the supernatant was decanted and the 
precipitates were placed in the EXAFS sample holders. Afterwards, the samples were 
frozen and stored in liquid nitrogen until the measurement. 
 
As a reference, a spectrum of the aqueous uranyl hydrate (UO2(H2O)5
2+) (50 mM U(VI), 
pH < 1, 1 M ClO4) was measured in transmission mode at room temperatur . For 
calibration of the energy scale, an absorption spectrum of a metallic yttrium reference 
foil was measured simultaneously for each sample spectrum.  
 
Neptunium LIII-edge spectra of frozen sorption samples were collected in fluorescence 
mode using a 13-element-germanium detector and a helium cryostat at 15 K. For all 
samples 14 spectra were accumulated.  
 
For EXAFS spectroscopy of the Np(V) sorption samples, gibbsite suspensions were 
adjusted to pH 7.5 and equilibrated in a Heidolph Promax 2020 shaker for one day in 
inert gas or ambient atmosphere. Subsequently, a 56.4 mM Np(V) stock solution was 
added to obtain the chosen concentration of 3 µM. During the contact time, the samples 
were placed in the shaker at room temperature for 60 h and the pH value was checked 
every 24 h. Small pH alterations of ≤ 0.5 pH units occurred. After centrifugation 
(187,000 g, 45 min), the supernatant was decanted and the precipitates were placed in 
the EXAFS sample holders. Afterwards, the samples wre frozen and stored in liquid 
nitrogen until the measurement. 
 
The software package EXAFSPAK [53] was applied in order to perform the energy 
calibration by using the first inflection point of the first derivative of the yttrium 
absorption spectrum (17038 eV), the averaging of the multiple sample spectra, the dead 
time correction of the 13 fluorescence channels, the isolation of the EXAFS spectrum 
and the shell fitting. The theoretical scattering phase and amplitude functions were 
calculated with the code FEFF 8.20 [116] by using a hypothetical cluster which contains 
all relevant scattering possibilities. 
 
5.2.13 Quantum chemical calculation 
The four structures for the (UO2)2CO3(OH)3
- complex proposed by Szabó et al. [37] 
were used as starting structures for the DFT calcultions. All calculations were 
performed using Gaussian 09 [76]. Structures were optimized in the aqueous phase at 
the B3LYP, BP86 and M06-2X level by using the CPCM solvation model. B3LYP has 
been proven to be a good compromise for calculating uranyl(VI) complexes in a number 
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of publications [45, 65, 66, 77] therefore has been used here. For comparison, we also 
tested another hybrid-funtionals that are BP86 and M06-2X. Singel-point MP2 
calculations using B3LYP geometries have also been t sted. In the MP2 calculations, 
Gibbs energy corrections were also taken from the B3LYP results. The energy-
consistent small-core effective core potential (ECP) and the corresponding basis set 
suggested by Dolg et al. [59] were used for U. The most diffuse basis functions on 
uranium with the exponent 0.005 (all s, p, d, and f type functions) were omitted, which 
made the convergence of the electronic wave functio much faster, but had little effect 
(less than 1 kJ/mol) on the total energy, according to the previous studies [45]. For 
hydrogen, oxygen and carbon the 6-311+G* basis was used. The Gibbs energy 
correction to the electronic energy was calculated at the B3LYP level from the 
vibrational energy levels in aqueous phase and the mol cular partition functions.  
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